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Abstract 
Hydrogenases are enzymes that catalyze the reversible interconversion of protons, 
electrons, and dihydrogen (2H+  +  2e−   H2).  Because of the potential utility of H2 as an 
energy carrier, the detailed understanding of hydrogenases has received considerable attention 
and funding. In particular, hydrogenases are fascinating because they employ inexpensive first 
row transition metals, while operating at overpotentials and rates comparable with the industrial 
standard, Pt metal.  Synthetic models of hydrogenase active sites are useful for understanding the 
chemistry occurring within the active site.  Chapter One reviews general background information 
on hydrogenases as well as their synthetic models. 
Chapter Two describes the oxidation of dihydrogen by a hydrogenase model.  The studies 
are enabled by the finding that salts of [Fe2(adtR)(CO)3(PMe3)(dppv)]+ are thermally stable when 
the anion is BArF4-, where adt = (azadithiolate, (SCH2)2NR), R = H and CH2C6H5, BArF4- = 
tetrakis(bis(3,5-trifluoromethyl)phenyl)borate, and dppv =  
cis-1,2-bis(diphenylphosphino)ethylene).  Solutions of [Fe2(adtR)(CO)3(PMe3)(dppv)]+ react 
with high pressures of H2 to give the hydride [(-H)Fe2(adt)(CO)3(PMe3)(dppv)]BArF4. The 
oxadithiolate [Fe2(odt)(CO)3(PMe3)(dppv)]+ (odt = 2-oxa-1,3-dithiolate) and propanedithiolate 
[Fe2(pdt)(CO)3(PMe3)(dppv)]+ are unreactive toward H2, thus implicating a role for the amine. 
According to the proposed mechanism, H2 binds to the mixed-valence cation to give the 
dihydrogen adduct whereupon the H2 undergoes intramolecular heterolysis utilizing the amine.  
Use of D2 in place of H2 gave the deuteride as well as the hydride, implicating the transient 
formation of free protons that exchange with water. 
Chapter Three summarizes studies on the redox behavior of synthetic models for the 
[FeFe]-hydrogenases, consisting of diiron dithiolato carbonyl complexes bearing the amine 
cofactor and its N-benzyl derivative.  Of specific interest are the causes of the low reactivity of 
oxidized models toward H2, which contrasts with the high activity of these enzymes for H2 
oxidation.  The redox and acid-base properties of the model complexes 
[Fe2[(SCH2)2NR](CO)3(dppv)(PMe3)]+ ([2]+ for R = H and [2’]+ for R = CH2C6H5) indicate that 
addition of H2 followed by deprotonation are (i) endothermic for the mixed valence (FeIIFeI) 
state and (ii) exothermic for the diferrous (FeIIFeII) state.  The diferrous state is shown to be 
unstable with respect to coordination of the amine to Fe, a derivative of which was characterized 
crystallographically.  The redox and acid-base properties for the mixed valence models differ 
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strongly for those containing the amine cofactor versus those derived from propanedithiolate.  
Protonation of [2’]+ induces disproportionation to a 1:1 mixture of the ammonium-FeIFeI and the 
dication [2’]2+ (FeIIFeII).  This effect is consistent with substantial enhancement of the basicity of 
the amine in the FeIFeI state vs the FeIIFeI state.  The FeIFeI ammonium compounds are rapid and 
efficient H-atom donors toward the nitroxyl compound TEMPO.  The atom transfer is proposed 
to proceed via the hydride, as indicated by the reaction of [HFe2[(SCH2)2NH](CO)2(dppv)2]+ 
with TEMPO.  Collectively, the results suggest that proton-coupled electron-transfer pathways 
should be considered for H2 activation by the [FeFe]-hydrogenases. 
Chapter Four probes the impact of substitution of nitrosyl ligands on diiron(I) dithiolato 
carbonyls.  Treatment of Fe2(S2CnH2n)(CO)5-x(PMe3)x  or Fe2(S2CnH2n)(CO)5-y-z(PMe3)y (dppv)z 
with NOBF4 afforded the nitrosyl complexes [Fe2(S2CnH2n)(CO)4-x(PMe3)x(NO)]BF4  and 
[Fe2(S2CnH2n)(CO)4-y-z(PMe3)y (dppv)z(NO)]BF4, respectively (x = 1-2; y = 1 and z = 1, or y = 0 
and z =2).  These nitrosyl complexes can also be synthesized by the sequential oxidation of an 
FeIFeI precursor with one equiv FcBF4 followed by treatment with one equiv of NO.  Whereas 
the monophosphine nitrosyl derivative is largely undistorted, the bisphosphine nitrosyl 
derivatives are distorted such that the CO ligand on the Fe(CO)(PMe3)(NO)+ fragment is 
semibridging.  Two isomers of [Fe2(S2C3H6)(CO)3(PMe3)2(NO)]BF4 were characterized 
spectroscopically and crystallographically.  Each isomer features electron-rich [Fe(CO)2PMe3] 
and electrophilic [Fe(CO)(PMe3)(NO)]+ fragments.  These species are in equilibrium with an 
unobserved isomer that reversibly binds CO (H = -35 kJ/mol, S = -139 J/mol•K) to give the 
symmetrical adduct [Fe2(S2C3H6)(-NO)(CO)4(PMe3)2]BF4.  In contrast to 
Fe2(S2C3H6)(CO)4(PMe3)2, the tricarbonyl nitrosyl complexes readily undergo CO-substitution to 
give the trisphosphine derivatives.  Whereas [Fe2(S2C2H4)(CO)3(PMe3)2(NO)]BF4 undergoes 
substitution with PMe3 via an adduct containing a bridging nitrosyl, the chelate complex 
[Fe2(S2C2H4)(CO)3(dppv)(NO)]BF4 instead undergoes substitutiton via the formation of a 
double-adduct with PMe3.  The intermediate [Fe2(S2C2H4)(CO)3(dppv)(PMe3)2(NO)]BF4 was 
crystallized and displays partial iron-dithiolate bond cleavage as well as FeIIFe0 mixed valency.  
Substitution of the nitrosyl complexes with cyanide was also explored, and in this way we 
synthesized Fe2(S2C2H4)(CN)(CO)3(PMe3)(NO), Fe2(S2C2H4)(CN)(CO)(dppv)(PMe3)(NO), and 
[Et4N][Fe2(S2C2H4)(CN)2(CO)(dppv)(NO)].  In these cases, migration of the nitrosyl to the 
cyanide-bound Fe was observed.  The nitrosyl complexes discussed in this Chapter reduce at 
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potentials that are ~1 V milder than their carbonyl counterparts.  Reduction results in bending of 
the nitrosyl ligand and the resulting radical displays strong hyperfine coupling to a nitrogen 
atom.  DFT calculations, specifically NBO values, reinforce the electronic resemblance of the 
nitrosyl complexes with the corresponding mixed-valence diiron complexes.  Unlike other diiron 
dithiolato carbonyls, these species undergo reversible reductions at mild conditions.  The results 
show that the novel structural and chemical features associated with mixed valence diiron 
dithiolates can be replicated in the absence of mixed-valency by introducing electronic 
asymmetry. 
Chapter Five explores the reactivity of the tetracarbonyl complexes 
Fe2(S2C3H6)(CO)4(PMe3)2 and Fe2(S2C3H6)(CO)4(dppv) towards the electrophiles.  Treatment of 
these diiron starting materials with [S2Me3]+ and [N2C6H5]+ afforded the terminally bound 
electrophile adducts [Fe2(S2C3H6)(t-X)(CO)4(PMe3)2]+ and [Fe2(S2C3H6)(t-X)(CO)4(dppv)]+, 
where X = SMe and N2R, respectively.  These intermediates thermally rearrange to isomers 
containing bridging electrophiles.  The stability of the terminal-electrophile isomers is 
significantly greater when X = SMe than when X = N2R. 
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Terms Used Within This Thesis 
 
adt   N,N’-dithiomethylamine; azadithiolate; [NH(CH2S)2]2- 
 
adtNBn  N-benzyl-N’-dithiomethylamine; [N(CH2C6H5)(CH2S)2]2- 
 
[BArF4]−  tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 
 
Bn   benzyl; CH2C6H5 
 
Cy   cyclohexyl; C6H11 
 
dmpm   bis(dimethylphosphino)methane 
 
dppv   cis-1,2-bis(diphenylphosphino)ethylene 
 
dppe   1,2-bis(diphenylphosphino)ethane 
 
dppm   bis(diphenylphosphino)methane 
 
diars   1,2-bis(dimethylarsino)benzene 
 
edt   1,2-ethanedithiolate 
 
Et   ethyl; C2H5 
 
H-cluster  refering to the 6Fe active site of [FeFe]-hydrogenase 
 
iPr   isopropyl; CH(CH3)2 
 
GTP   guanosine triphosphate 
 
F-cluster  referring to plant ferrodoxin type clusters of the form [Fe4S4(cys)4]+/2+/3+ 
 
Fc0/+   referring to ferrocene or ferroceneium; [Fe(C5H5)2]0/+ 
 
Fc*0/+ referring to decamethylferrocene or decamethyl ferroceneium; 
[Fe(C5H5)2]0/+; Me10Fc0/+ 
 
Hox   referring to the active oxidized state of the H-cluster 
 
Hred   referring to the active reduced state of the H-cluster 
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Hsred   referring to the so-called ‘super reduced’ state of the H-cluster 
 
Hoxinact or Hoxair referring to the inactive oxidized state of the H-cluster 
 
Htrans   referring to the transiently observed during activation of the H-cluster 
 
Hred   referring to the active reduced state of the H-cluster   
 
Me   methyl, CH3 
 
OTf−   triflate; CF3SO4− 
 
Pi   inorganic phosphate, PO43- 
 
pdt                 1,3-propanedithiolate; [S2C3H6]2- 
 
Ph phenyl, C6H5 
 
PNP ligands of the formula [PR2(CH2)]2NR’, where R = Et, Ph, Cy and  
R’ = Me, Ph, Cy 
 
SAM   S-adenosyl methionine 
 
tBu   tert-butyl; C(CH3)3 
 
TEMPO  2,2,6,6-tetramethylpiperidin-1-oxyl 
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Chapter 1:  Overview of Hydrogenases and Synthetic 
Modeling 
 
General Introduction 
 
 Hydrogenases are enzymes that catalyze the reversible interconversion of protons, 
electrons, and dihydrogen (H2).  Because of the potential utility of H2 as an energy carrier, the 
detailed understanding of hydrogenases has received considerable attention and funding.   In 
particular, hydrogenases are fascinating because they employ inexpensive first row transition 
metals, while performing with overpotentials and rates comparable with the industrial standard, 
Pt metal.1  Unfortunately, hydrogenases are extraordinarily sensitive, operating in narrow 
electrochemical windows and are rapidly inactivated by a number of reagents, one of which is 
dioxygen (O2).  Further, their expression occurs at low levels and is complicated by the 
requirement of several maturation proteins.  For this reason, synthetic models of hydrogenase 
active sites have been desirable.  In addition to being readily synthetically accessible on large 
scale, these compounds can be more easily modified and spectroscopically interrogated.  
Nonetheless, biophysical studies of the enzymes have guided the design of both functional and 
structural models.  
 There are three classes of hydrogenases and each features a unique active site and 
operates via a unique mechanism.  The hydrogenases are named according to the metal content 
of their active sites; [FeFe], [NiFe], and [Fe]-hydrogenase.  All three active sites contain iron 
thiolato carbonyl centers suggesting that this theme is optimal for hydrogen binding (Figure 1.1).  
Amazingly, each class of hydrogenase is phylogenetically unrelated, implying convergent 
evolution of the metal-ligand choice.2 
 
      
Fe
N
S
C
CO
O
cys
O
HO
 
Figure 1.1  Active site of [FeFe] (left), [NiFe] (middle) and [Fe] (right) hydrogenases, with proposed hydrogen 
binding sites indicated with dotted-line boxes. 
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All hydrogenases cleave H2 heterolytically, meaning that H2 is split into its proton (H+) and 
hydride (H-) constituents (Eq 1.1).  The most widely encountered enzymes, [NiFe] and [FeFe]-
hydrogenases, catalyze an additional reaction in which the hydride is oxidized and the resultant 
proton is released to solution (Eq 1.2).  When combined, these reactions give the net oxidation of 
H2 into protons and electrons (Eq 1.3). 
 
                                                H2   H+  +   H−                                                Eq 1            
                                                H−    H+  +  2e-                                                Eq 2 
                                                         H2   2H+  +   2e-                                              Eq 3 
 
Whereas protons are directly released into (or taken from) the surrounding solvent and causing a 
change in pH, the electrons are transferred to a redox-partner such as cytochrome C.3  The [FeFe] 
hydrogenases operate at faster rates than [NiFe] hydrogenases, although the former are generally 
more sensitive towards aerobic inactivation.3  The exact rates hydrogen production and evolution 
vary from organism to organism and may not be known accurately.  Regardless, several of these 
rates have been reported and they are most often characterized by the ‘specific activity’ of the 
enzyme; the mol of H2 produced/consumed per mg or protein per minute, which is related to 
the turnover frequency.  Based on the fastest reported enzymes, D. desulfuricans [FeFe]-
hydrogenase can oxidize H2 at 55,000 s-1 and D. gigas [NiFe]-hydrogenase at 2,000 s-1 (Table 
1.1).  It is worth mentioning that both of these particular enzymes are heterodimeric and this may 
have an impact on the observed catalytic rates. 
Table 1.1.  Measured rates of catalysis for the fastest reported [FeFe]- and [NiFe]-hydrogenases. 
Specific Activity(mol H2 min-1• mg protein-1) and Turnover Frequency
[FeFe]-Hydrogenase [NiFe]-Hydrogenase
Desulfovibrio desulfuricans Desulfovibrio gigas
H2 Oxidation
62200
[~55,000 s-1]
1500
[~2,000 s-1]
H2 Production 8200
[~7,500 s-1]
440
[~650 s-1]  
 
[FeFe] hydrogenases are catalytically biased towards H2 production, whereas the [NiFe] 
hydrogenases are biased towards H2 uptake.4  A third class of hydrogenase, the [Fe]-hydrogenase 
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(also known as HMD, the H2-forming methylene-tetrahydromethanopterin dehydrogenase) does 
not catalyze the hydride oxidation (eq. 2) that otherwise follows the cleavage of H2.  Instead, the 
hydride is delivered to a carbocationic substrate which is directly involved in methanogenesis.   
Regardless of the enzyme or catalyst, hydrogen activation is always agreed to initially 
involve a side-bound dihydrogen complex.  The properties of dihydrogen complexes have been 
extensively studied.5  Dihydrogen is bound by a delicate balancing of  backbonding from the 
metal and  bonding from the H-H bond (Figure 1.2).6  Backbonding from the metal into the * 
orbital of the H2 ligand results in an elongation of the H-H bond.  When synthesized from H2 gas, 
the metal complex usually contains a vacant or weakly bound coordination site because 
dihydrogen is typically a poor ligand.  For example, the first reported H2 complex, 
W(CO)3(H2)(PCy3)2 is derived from a precursor in which the vacant site is weakly bound by an 
agostic interaction.7 
 
 
Figure 1.2.  Pictorial depiction of primary bonding interactions that stabilize dihydrogen complexes. 
 
The properties of metal dihydrogen complexes are influenced by the choice of metal, 
ancillary ligands, and in particular the ligand trans to H2.  Morris showed that the stability of 
octahedral d6 M-H2 complexes can be predicted based on E1/2 (d5/d6) of the corresponding 
ML5(N2) complex.8  The value of E1/2 can be estimated based on additive electrochemical 
parameters for each ligand (EL) which have been determined by Lever (Table 1.2); for Fe the 
relationship is E1/2 = 1.1EL – 0.43.9  Thus, the ligand set of a particular metal can be used to 
predict its relative electron-richness, which can be used to predict its affinity for H2; metals that 
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are too electron-rich will result in dihydrides (oxidative addition, see below), while metals that 
are too electron-poor will be unstable towards H2 loss (Table 1.3).   
 
Table 1.2.  Selected Lever parameters that are relevant to this thesis.  Values were taken from ref 9 
Ligand Lever Parameter 
(EL) 
Ligand Lever Parameter 
(EL) 
NO+ 1.9 ½ MeS(CH2)2SMe 0.32 
CO 0.99  ½ diars 0.30 
H2 0.8 CN- 0.02 
N2 0.68 H- (-H) -0.3 (0) 
½ dppv 0.49 Cl- (-Cl) -0.24 (0) 
MeCN 0.34 CH3CH2S- -0.56 
PMe3 0.33   
 
 
 
 
Table 1.3.  Selected General Properties of Fe Octahedral d6 H2 complexes as a function of E1/2 (for the N2 complex) 
and trans ligand.   
M(N2)(L)5 E1/2 trans ligand Fe(H2)(L)5 
Stability 
Fe(H2)(L)5 pKa 
>1.7 -donor H2 loss <20 
1.7-0.5 -donor stable 2-34 
<0.5 -donor dihydride >25 
3-2.6 CO* stable* -10 - -4 
aGeneral trends for Fe(H2) complexes with trans CO are not well established and instead the specific example of 
[Fe(H2)(diphosphine)2(CO)]2+ is used.  The stability of such complexes is dependent upon the use of weakly 
coordinating anions which will be discussed in Chapter 3. 
 
Using this approach, the active sites of [FeFe] hydrogenase can be analyzed.  The 
hydrogen binding site can be viewed as its mononuclear fragment.  Some approximations must 
be made because two ligands are bridging; the dithiolate and the carbonyl.  First, the bridging 
dithiolate is estimated to have a Lever parameter of -0.24, which is the average of the terminal 
thiolate EtS− and an alkyl thioether.  A bridging thiolate is generally a weaker donor than the 
former and a stronger donor than the latter.  Second, a single carbonyl is a bridging the two 
metals and thus a weaker acceptor.  We estimate that this effect is manifested in a ~0.25 more 
negative Lever parameter (e.g. 0.74).  This estimation is based on the observation that bridging 
donors are ~0.25 more positive than their terminal counterparts. 
Using these estimations, the summation of the Lever parameters for the complex 
[Fe(SEt)2(CN)(CO)2(N2)]− is 1.95 which corresponds to E1/2 of 1.72 V.  Importantly, this value is 
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only meant to be a qualitative assessment of the H-cluster because of the estimations discussed 
above.  Also, Lever parameters may not accurately apply to the aqueous protein environment; 
redox within the enzyme is observed at much milder potentials, generally ~0.4 V.  Regardly, 
these parameters may useful for extracting some general predictions, and based on Morris 
estimations, the complex [Fe(MeS(CH2)2SMe)(CN)(CO)2(H2)]− will rapidly lose H2.  That the 
active site is not expected to form stable H2 complexes is not necessarily surprising, given the 
catalytic bias of [FeFe] hydrogenase to release H2.  Importantly, this relatively positive value for 
E1/2 indicates that upon coordination, H2 will be greatly acidified and primed for deprotonation 
by a pendant base. 
Within the active sites of [FeFe] and [NiFe] hydrogenases, the hydride and proton 
equivalents that result from heterolytic cleavage of H2 are bound to a metal ion and pendant base, 
respectively (eq 1.6).  The general mechanism of heterolytic cleavage involves the initial side-on 
binding of H2 (called an 2-H2 complex) to a vacant metal site.  The resultant H2 complex is 
bound by two primary interactions; donation from the H2 bond into the vacant metal orbital, 
and donation from the filled metal d orbitals into the * orbital of H2.  The latter interaction 
results in a weakening of the H-H bonding and can lower the pKa of coordinated H2 by several 
orders of magnitude.5  With H2 acidified, it is primed for deprotonation by a base and delivery of 
a hydride to the metal (eq 1.4 and 1.5).  In the case of [FeFe]-hydrogenase, this base is a pendant 
amine which is poised adjacent to the vacant site.  A key feature of heterolytic cleavage is that no 
change in oxidation state of the metal occurs. 
 
                                             M  +  H−    M-H−                                                          Eq 4 
                                      B  +  H+    B-H+                                                           Eq 5 
                                  H2  +  M  +  B   M-H−  +  B-H+                                          Eq 6 
 
 Although heterolytic cleavage is a common for hydrogenases, homolytic cleavage is 
encountered more traditionally in basic inorganic chemistry textbooks.  Low-valent platinum 
group metals often excel at this process, notable examples being Vaska’s complex and 
Wilkinson’s catalyst (Figure 1.3).   
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Figure 1.3.  Oxidative addition of H2 to Vaska's complex. 
 
In homolytic activation the metal initially forms an 2-H2 complex as in heterolytic cleavage, 
however, the metal then undergoes oxidative addition (rather than deprotonation) and two 
hydride ligands are bound to the metal.  The H2 complex can be either an intermediate or a 
transition state, but it is almost always side bound as opposed to end bound.  Homolytic 
activation always initially affords cis dihydrides, although these may later isomerize to trans 
dihydrides.10  This key difference separates heterolytic and homolytic activation; in homolytic 
activation the metal is capable of undergoing oxidative addition, whereas in heterolytic 
activation the metal does not undergo an oxidation state change and primarily serves as a hydride 
acceptor (Figure 1.4).  Homolytic activation can also be spread over two metals resulting in an 
oxidation state change of 1 for each metal.   
 
 
Figure 1.4.  Comparisons of general heterolytic (left) and homolytic (right) H2 cleavage reactions.  Note that the 
heterolytic examples are differentiated based on whether the base is covalently tethered to the metal, and that the 
homolytic examples differ based on whether oxidative addition occurs across one or two metals. 
 
In Nature, hydrogenases are expressed in bacteria and archaea where H2 is an energy 
vector.  This situation is best explained in the analogy of the ecosystem of a pond.4, 11   At the 
‘bottom of the pond’ where the environment is anaerobic and dark, non-photosynthetic 
fermentative bacteria (e.g. Desulfibrio desulfuricans) oxidize organic matter and other bacteria 
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(e.g. Allochromatium vinosum) fix the resulting CO2 to produce organics.  Because oxygen is 
scarce at these depths, fermentation is coupled to the reduction of unconventional oxidants; 
sulfate and protons.  Similarly, at these depths the resulting sulfide and H2 are used as reductants.  
It is at these conditions that [FeFe] hydrogenases excel, especially because they are very O2 
sensitive.  These microbial communities produce a flux of H2 which diffuses towards the surface 
of the pond, however very little of it reaches the surface.  The energy-rich H2 is utilized by other 
organisms that couple its oxidation (usually with [NiFe] as O2 concentrations become larger) to 
the reduction of carbon dioxide, nitrate, etc...  Near the surface of the pond, O2 concentrations 
become high and aerobes (e.g. Knallgas bacteria) utilize specialized [NiFe] hydrogenases to 
oxidize H2 which is coupled to the oxidation of O2.12 
 The active site of [FeFe]-hydrogenase features a diiron dithiolate core that is covalently 
linked to a Fe4S4 cluster via a cysteine residue.  The diiron portion is coordinated by several 
cyanide and carbonyl ligands, one carbonyl of which bridges the two irons.  The identity of the 
bridging dithiolate cofactor is generally accepted to be azadithiolate (also called 
dithiomethylamine), although this point has been debated.13, 14  This azadithiolate is thought to 
serve as a pendant base which relays protons to and from the active site and assisting in the 
heterolytic cleavage of H2.  Similarly, the covalently tethered Fe4S4 cluster may act as a redox-
active ligand to assist in the relay of electrons to and from the active site. 
 The resting state in the catalytic cycle of the H-cluster is the oxidized state, Hox (Figure 
1.5).  Hox is a paramagnetic FeIIFeI state in which the unpaired electron density is delocalized 
across the entire cluster.  However, biophysical characterization and synthetic models (discussed 
later) suggest that the SOMO of these mixed-valence complexes is localized on the Fe distal 
(Fed) to the cysteine residue.  Thus, the oxidation states can be crudely approximated as FeI for 
the distal Fe (Fed) and FeII for the Fe that is proximal to cysteine (Fep).  The distal Fe contains 
either a vacant site or a weakly coordinated water ligand that is located trans to the bridging 
carbonyl.  Upon treatment with hydrogen, a reduced state referred to as Hred is observed.  
Although the specific mechanism of this process is yet to be fully understood, it is generally 
agreed that H2 binds at the distal Fe and is heterolyzed with the aid of the azadithiolate cofactor.  
The expected initial product of H2 cleavage, a mixed-valence ammonium hydride, has not been 
detected and it is assumed that this species is a powerful reductant which is rapidly oxidize to 
yield the Hred state.  It is notable that this ammonium hydride could in fact be the Hsred state, in 
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which the Fe4S4 cluster has become reduced (discussed in Biophysical Characterization sub-
section).   
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Figure 1.5  Mechanism of hydrogen uptake (clockwise) and production (counter-clockwise).  Please note that the 
overall charge of the depicted complexes is not shown because it is balanced within the protein scaffold. 
 
The Hred state is a diamagnetic state which most literature describes as FeIFeI (Figure 
1.5).  From the standpoint of an inorganic chemist, a FeIIFe0 core may be more reasonable 
although again there is significant delocalization throughout the entire active site.  In a  
viewpoint that was first proposed by Brunold,15 Fep is a ferrous and octahedral, while Fed is Fe0 
with square-based pyramid geometry.  This model predicted that the electron density of the 
HOMO is concentrated in the vacant site, which is consistent with d8 ML5 species of that 
geometry.  Balancing of charge suggests a species somewhere in the protein, likely the pendant 
amine, is protonated.  Due to the inability of X-ray diffraction to locate hydrogen atoms, an 
equally plausible possibility is that the structure of Hred is a tautomer; e.g. a diferrous terminal 
hydride with a pendant amine.  In fact, these two tautomers are expected to be in rapid 
equilibrium, and their interconversion is part of the catalytic cycle.  This will be discussed 
further below.  Further oxidation and deprotonation of Hred completes the catalytic cycle.  It 
should be noted that the Fe4S4 cluster is in the +2 state in both Hred and Hox; e.g. the oxidations 
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states are FeIIFeIIFeIIIFeIII.  Further details on the characterization and structure of Hred and Hox 
are presented below. 
 
 
Biophysical Characterization of Bacterial [FeFe]-Hydrogenases. 
 In 1974 the first report of a Ni-free hydrogenase appeared.16  This [FeFe] hydrogenase is 
expressed in the gram positive bacterium Clostridium pasteurianum, and was shown to contain 
several iron atoms and several acid-labile sulfur atoms.  It was known that several Fe4S4 clusters 
were present in a single subunit, while a separate hydrogen activating center (termed the ‘H-
cluster’) was present as well.  Initial estimations of the iron and sulfur content were incorrect due 
to difficulties in isolating the pure enzyme, however it has since been shown to contain twenty 
Fe atoms.17  In this form, the enzyme is bidirectional, rapidly catalyzing both hydrogen uptake 
and production.  A second form of hydrogenase has been isolated from C. pasteurianum, this one 
containing fourteen Fe atoms.  This enzyme is an uptake hydrogenase; it is biased towards 
hydrogen oxidation.17  It is unclear whether this uptake hydrogenase is simply the bidirectional 
hydrogenase from the above following post-maturation modification, however, several 
hydrogenases from various bacteria have been reported to contain fourteen Fe atoms as well. 
Although the [NiFe] hydrogenases also contain carbonyl and cyanide ligands and their 
structure was published a decade earlier (1987), it was not until 1996 that the IR spectroscopy of 
[FeFe] hydrogenases confirmed the presence of similar ligands.18  These IR spectra indicated that 
the carbonyl and cyanide ligands were highly sensitive to changes in redox state and even 
indicated the presence of bridging carbonyl ligands.19   The first X-ray crystal structure of [FeFe] 
hydrogenase from C. pasteurianum was reported by Peters et. al. in 1998 and confirmed the 
presence of terminal and bridging diatomic ligands that ligated a Fe2S2 cluster (Figure 1.6).20  
The H-cluster was unique because Fe2S2 portion was tethered to a Fe4S4 cluster via a cysteine 
residue.  Peters modeled the additional electron density surrounding the S2 portion of the Fe2S2 
cluster as a water molecule, although it was later shown that this cluster was actually a diiron 
dithiolate (e.g. Fe2(SR)2).  The structure also identified three additional Fe4S4 clusters (F-clusters, 
or ferredoxin-type clusters) and a Fe2S2 cluster, each ~10 Å apart, that linked the buried active 
site to the surface of the protein.  A weakly bound oxygenate ligand (Fed – O; 2.379 Å)13 was 
modeled at Fed, and this site was proposed to be where hydrogen processing occurred.   
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Figure 1.6.  Crystal structure of [FeFe]-hydrogenase from C. pasteurianum.  This model based on a 1.6 Å resolution 
electron density map was recently proposed by Peters et. al.13  Hydrogen bonding interactions to the active site are 
depicted as dashed lines.  Atom color scheme:  Fe, green,; S, yellow; C, light blue; O, red; N, dark blue.  This image 
was generating using PDB 3C8Y and the visualization software Visual Molecular Dynamics (VMD). 
 
In 1999, Fontecilla-camps et. al. reported a second structure of [FeFe]-hydrogenase, this 
one from the bacterium Desulfovibrio desulfuricans in which [FeFe]-hydrogenase is a dimeric 
protein.21  In this structure, the bridging dithiolate was instead proposed to be 
1,3-propanedithiolate and the other bridging ligand (a carbonyl in Peters’ structure) was modeled 
as a monoatomic oxygen species.  However, Fontecilla-Camps et. al. later published a 
reinterpretation of both structures that led to the model that is currently accepted.22  In this model 
it was proposed that the central atom of the dithiolate bridge was actually an amine, based on 
hydrogen bonding to a nearby cysteine residue.  Further, it was proposed that both states featured 
a bridging carbonyl ligand which underwent subtle geometrical changes due to redox events. 
Differences in the crystallization conditions used by the two different groups had resulted 
in different states of the enzyme being crystallized (Figure 1.7).  The crystals used by Fontecilla-
Cys299 
Lys358 
Ser232
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Camps et. al. were grown under reducing conditions, e.g. 10% H2 / 90% N2, and with excess 
sodium dithionite present.  Thus it was proposed that Hred had been crystallized.22  In this state, 
the bridging carbonyl ligand was shifted slightly towards the distal Fe, classifying it as a bent 
semibridging carbonyl.23  In contrast, the crystals used by Peters et. al. were grown under an N2 
atmosphere resulting in the Hox state.‡  In this state, the carbonyl is fully bridging the two irons.  
The cause for this tilting is that in Hred the distal Fe is reduce (i.e. Fe0 vs FeI), resulting in the -
acidic carbonyl ligand to bend towards it.   
 
 
Figure 1.7  Side-by-side comparison of Hox (left, PDB 3C8Y) and Hred (right, PDB 1HFE) states of [FeFe]-
hydrogenase.  Please note that the original structure of Hox (PDB 1FEH) is not shown because of lower resolution 
and inaccurate ligand modeling. 
 
Differences in the Hox and Hred states are further elucidated by FTIR spectroscopy (Figure 
1.8).  In the oxidized state, [FeFe]-hydrogenase displays well resolved CN and CO, as well as a 
fully bridging carbonyl band at 1802 cm-1.  Upon reduction with H2 or dithionite these bands are 
consumed and replaced with those of Hred.  Apparently the terminal CN (2079 cm-1) and CO 
bands (1965 cm-1) of Fep are unaffected by this change in state,24, 25 presumably because the 
redox state is FeII in both cases.  However, the CO and CN bands on Fed shift substantially; CN 
shifts from 2079 to 2041 cm-1 and CO from 1940 to 1916 cm-1, in agree with reduction from FeI 
to Fe0.  Interestingly, the formerly bridging carbonyl band increased in stretching frequency to 
1894 cm-1, in agreement with the proposal that Hred contains a bent semi-bridging carbonyl.  In 
                                                 
‡ It is never explicitly specified whether the crystal structure originally determined by Peters et. al. are in the Hox 
state or the Hoxair state, although the arguments would remain similar.  The Hoxair state will be discussed in more 
detail later in this chapter. 
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addition to those mentioned above, the IR spectrum of the Hred state is contaminated with several 
additional bands.  These are due to overlap with the ‘super-reduced’ state Hsred,24 and will be 
discussed in more detail below. 
 
2100 cm-1 2000 cm-1 1900 cm-1 1800 cm-1
Hoxair
Htrans
Hox
Hred
Hsred
HoxCO
2106 2087 2007 1983 1848
2100 2075 1983 1977 1836
2093 2079 1965 1940 1802
2096 2088 2016 1971 1810
20412079 1965 1916 1894
1955 1932 1883
1963
 
Figure 1.8  Compiled bands observed by FTIR spectroscopy in the region of ~2150 - 1750 cm-1 for D. desulfuricans 
[FeFe]-hydrogenase.  In all state except for Hsred, the two highest frequency bands are assigned to CN, the lowest 
energy bands are assigned to -CO, and the middle bands to CO.  In the Hsred state displays weak intensity bands due 
to its limited stability and so CN were not identified.  These data were a selected from a similar image from ref 24. 
 
 As mentioned earlier, the Hox is paramagnetic and has been rigorously studied with EPR 
spectroscopy.  The Hox state displays a rhombic signal and is observed in all [FeFe] 
hydrogenases (Figure 1.9 ,for C.p. I. and D. d., g1 = 2.10, g2 = 2.04, and g3 =2.00).26-28  When 
grown under 57Fe enriched conditions, six hyperfine couplings are observed in the Hox state.28, 29  
Apparently, the unpaired electron density is delocalized across the entire 6Fe framework, 
although the diiron portion show slightly stronger 57Fe coupling than the Fe4S4 cubane (Ax = 
11.2, Ay = 10.4, Az = 11.6 MHz versus Ax = 12.3, Ay = 11.4, Az = 12.9 MHz).  The electronic 
structure of Hox was further elucidated by HYSCORE measurements on samples containing 15N 
enrichment.30  In these samples, three additional couplings were observed and attributed to 
nitrogen atoms in the distal cyanide ligand, the lysine residue that it is hydrogen bonded to, and 
                                                 
 Please note that although some [FeFe]-hydrogenases display identical spectroscopic signatures, enzymes from 
different organisms occasionally display slight differences.  These differences are generally on the order of a few 
hundredths for g values in EPR spectroscopy, and by a few wave numbers in IR spectroscopy.  
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the azadithiolate cofactor.  In addition to supporting the existence of the azadithiolate cofactor, 
these data support some degree of localization of the unpaired electron on the distal Fe.  
Delocalization of the spin density across all six Fe was also supported by Mössbauer 
spectroscopy.31  However, interpretation of these measurements is complicated by the presence 
of the additional F-clusters,17 and in fact the original report assigned the oxidation states of Fed 
and Fep as FeIII and FeII, respectively.  However, differentiation between FeIIIFeII and FeIIFeI 
assignments are difficult with Mossbauer and synthetic models32, 33 have aided in the clarification 
that the latter assignment is accurate. 
 
 
Figure 1.9  EPR spectra of [FeFe] hydrogenase from D.vulgaris Hildenborough.17, 34  EPR spectra of [FeFe] 
hydrogenase from D. vulgaris Hildenborough are near identical to D. desulfuricans and highly similar to C. 
pasteurianum.  Spectra are originally from ref 34 and images were copied from ref 17. 
 
 
Treatment of Hox with CO results in the reversible inhibition of catalysis due to the 
formation of an inactive state known as HoxCO.  As supported crystallographically,35 extrinsic CO 
is bound to the vacant site of Fed.  This result was supported by FTIR spectroscopy, through 
which an additional terminal CO band was detected.  When 13CO was used instead, only two 
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terminal CO bands in the FTIR spectrum were affected.36, 37  This experiment indicated that 13CO 
is only incorporated at a terminal position, likely at Fed, and is vibronically coupled to the other 
terminal CO on Fed.  Further incorporation of 13CO at the bridging carbonyl occurs upon 
photolysis, although this process is accompanied by dissocation and reassociation of CO, as well 
destructive processes associated with photolysis of the incipiently generated Hox state upon CO 
dissociation.25  Interestingly, photolysis of the enzyme only in the Hox state resulted in the 
formation of some amount of HoxCO, indicating a CO release and scavenging.36  In the HoxCO 
state, the EPR spectrum displays an axial signal (Figure 1.10, g = 2.06, 2.01).38  Samples 
containing 57Fe enrichment displayed larger hyperfine coupling constants on the tetrairon portion 
of the H-cluster than on the diiron portion.  Thus it may be concluded that CO binding induces a 
redistribution of unpaired electron density from the entire 6Fe in Hox to mostly the 4Fe in 
HoxCO.27, 28  
 
 
Figure 1.10  EPR spectra of the oxidized state of C. pasteurianum [FeFe]-hydrogenase before and after inhibition 
with CO.17, 39  Spectra are originally from ref 39 and images were copied from ref 17. 
 
 Although no EPR signal is observed for the H-cluster in the Hred state, an EPR signal is 
observed for the enzyme.  This signal is attributed to reduction of two of the additional F-clusters 
present, which apparently store electrons in this state.34  Further reduction of Hred with a 
midpoint potential of -0.540 V vs SHE yields the Hsred state in low yield.  The difficulty in 
observation of Hsred  is due to both it’s spontaneous reversion to Hred as well as decomposition as 
potentials become too negative.34  It has been proposed that the Hsred state features a reduced 
[Fe4S4]+ cluster, though this has yet to be verified by EPR or Mössbauer spectroscopy.  
Nonetheless, the IR stretching frequencies of Hsred are consistent with a diiron core with a 
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reduced ligand appended to it; the CO are ~10 cm-1 lower in energy.  Unfortunately, the CN 
bands were too weak to be identified. 
 
Algal [FeFe] Hydrogenase 
In the past decade, considerable attention has been focused on hydrogenases from algae 
because of their potential utility in biohydrogen production.  Although hydrogenase expression 
in algae occurs under anaerobic conditions, the expression of [FeFe]-hydrogenases is particularly 
high under sulfate-starved conditions;40 when all other oxidants are scarce, a fast means of 
reducing protons is advantageous.  The uniqueness of [FeFe]-hydrogenase from the algae 
Chlamydomonas reinhardtii is immediately apparent because it is the smallest enzyme (48 kDa).  
This small size is due to the fact that it lacks additional subunits for binding the F-clusters (Fe4S4 
clusters) that are present in bacterial hydrogenases.40  A consequence of this modification is that 
it displays unique spectroscopic distinctions from the [FeFe]-hydrogenases of C. pasteurianum 
and D. desulfuricans (Figure 1.11).  In the Hox states, the algal and bacterial hydrogenases Hox 
states display near identitical IR stretching frequencies, and the midpoint potential for the Hox / 
Hred couple is near identical (-0.400 V vs SHE).41  However, the stretching frequencies of the 
Hred state and Hsred states are quite different.  The algal Hred displays a CO (1793 cm-1) consistent 
with a fully bridging carbonyl, whereas the bacterial Hred contains a bent semi-bridging carbonyl.  
The terminal CO and bands shift ~30 cm-1 lower in energy and the midpoint potential of the Hred 
/ Hsred couple is 0.080 V milder in the algal enzyme.  Suprisingly, the Hsred state displayed no 
bridging CO, although a potential semi-bridging carbonyl band was identified (1882 cm-1).41  
The interpretation of these data was simply that the algal and bacterial Hred states contained 
different degrees of bridging carbonyl.41  However, an alternative possibility is that they are 
different tautomers.  Most of the above data can be satisfied if Hred is not a FeIIFe0 core with a 
pendant ammonium, but rather a FeIIFeII terminal hydride with a pendant amine.  Explanation of 
the data for Hsred is less consistent. 
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Figure 1.11  Comparison of FTIR spectra bands of [FeFe]-hydrogenase from D. desulfuricans (top) and C. 
reinhardtii (bottom).  Redox potentials determined by titration are indicated. 
 
 
 
Synthetic Models 
 Of the three classes of hydrogenases, [FeFe]-hydrogenases have been the most 
extensively studied by model compounds because the Fe2(SR)2(CO)6 framework is very 
synthetically accessible and has been known since the 1920s (Figure 1.12).  The diiron dithiolate 
hexacarbonyl framework was originally synthesized by Reihlen et. al. in low yield (<40%) by 
heating Fe(CO)5 and thiol.42  Hieber et. al. reinvestigated this result in 1937 and showed that 
using Fe3(CO)12 as an iron carbonyl source resulted in higher yields of Fe2(SR)2(CO)6.43  In 1963 
King et. al. showed that dithiols could be used as well and synthesized Fe2(S2C2H4)(CO)6,44 a 
compound that would later be used heavily by our group in biomimetic modeling.  It was later 
shown that ferrous reagents could serve as precursors as well, and Cody et. al. showed that such 
compounds may have formed in pre-biotic settings; FeS, alkyl thiol, formic acid, and high 
pressures of CO resulted in Fe2(SR)2(CO)6 in trace yields.45  Lastly, Rauchfuss et. al. showed in 
2008 that FeCl2 reacts with thiolates, CO, and Zn to afford Fe2(S2C2H4)(CO)6 in good yield, 
proving that such ‘primordial’ routes were synthetically practical.46  These 34e- dimers almost 
exclusively display a pseudo-C2v symmetrical structure, in which the only bridging ligands are 
the sulfides.  Although the oxidation states of both metals are FeI, these compounds are 
diamagnetic due to the formation of a metal-metal bond. 
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Figure 1.12  Diverse synthetic pathways to diiron dithiolate hexacarbonyls. 
 
 Although the reactivity of these diiron alkyldithiolates has led to significant 
breakthroughs in modeling, the syntheses of the more biorelevant diiron aza and oxadithiolates 
([(SCH2)2NR]2- and [(SCH2)2O]2-, respectively) is entirely different.  All reported syntheses 
occur from the precursor [Fe2S2(CO)6]2-.  Seyferth originally reported its low-temperature 
synthesis from Fe2S2(CO)6 and showed that it could be alkylated at sulfur.47  Later, Rauchfuss et. 
al. reported the first synthesis of diiron azadithiolate hexacarbonyls by treatment of 
[Fe2S2(CO)6]2- with bis(chloromethyl)amines.48  Later it was shown that such mustard reagents 
could be avoided by the intermediacy of Fe2(SCH2OH)2(CO)6 (Figure 1.13).  This synthon, 
which is also derived from Fe2S2(CO)6, will condense in the presence of acids or amines to give 
diiron aza and oxadithiolates, respectively.49 
 
Figure 1.13  Condensation pathways to heteroatom functionalized diiron dithiolate hexacarbonyls. 
 
The substitution chemistry of diiron dithiolate hexacarbonyls has been extensively 
explored.  Poilblanc originally showed that the parent hexacarbonyls readily undergo thermal 
substitution with phosphines to afford pentacarbonyls.  Bis-substitution occurs competitively 
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when the phosphine is small (e.g. PMe3), requires extended heating when large (e.g. PPh3), and 
gives symmetrical products of the form (CO)2(L)Fe(-SR)2Fe(CO)2(L).50-52  The mechanism of 
substitution of diiron dithiolato carbonyls generally invokes a pre-equilibrium of the pseudo-C2v 
symmetric Fe2(SR)2(CO)6-n(L)n starting material with an unsymmetrical rotamer in which one 
Fe(CO)3 is rotated 30 °C with respect to the other (Figure 1.14).53, 54  This ‘rotated’ isomer is 
thought to be highly reactive due to the presence of a vacant site and thus is capable of binding 
ligands to form a 36e- adduct.  Finally, CO is expelled to yield the product.    
 
 
Figure 1.14  Proposed mechanism of substitution for diiron dithiolate hexacarbonyls.  Please note that oxidation 
state assignment for these intermediates has not been assingned in the literature, although the rupturing of the metal-
metal bond to allow for dative bonding has been specified.54 
  
 
These rarely observable and short-lived intermediates have been characterized by FTIR 
spectroscopy and shown to contain bridging carbonyl ligands.55  Computations on the rotated 
isomers of diiron dithiolate hexacarbonyls indicate the rotated form to be ~14 kcal/mol uphill, 
contain a slightly elongated metal-metal bond, and the rotated Fe to be slightly positively 
charged.54  Together, these results suggest an oxidation state assignment of (CO)3Fe0(-SR)2(-
CO)FeII(CO)2 where the rotated Fe is unsaturated and both structurally and electronically primed 
to bind a ligand.54 
In the case of the biological cofactor and strong nucleophile cyanide, disubstitution is 
exclusively observed.  Regardless, the monocyanide can be synthesized with the preliminary aid 
of the decarbonylation agent Me3NO56 or by the conversion of a metal carbonyl to a metal 
cyanide by LiN(SiMe3)2.52, 57  As with other nucleophiles, the cyanation of Fe2(S2C3H6)(CO)6 
initially occurs via an associative step and is proposed to form the adduct [Fe2(SR)2(CN)(CO)6]-.  
However, the adduct apparently undergoes substitution more rapidly than the parent 
hexacarbonyl, as is evidenced by the following critical observation in the synthesis of 
[Fe2(S2C3H6)(CN)(CO)4(PMe3)]-; the formation of product is more rapid when a mixture 
Fe2(S2C3H6)(CO)6 and PMe3 is treated with CN- than when [Fe2(S2C3H6)(CN)(CO)5]- reacts with 
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PMe3.56  These results suggest that the monocyanide [Fe2(S2C3H6)(CN)(CO)5]- is not an 
intermediate in the synthesis of the disubstituted compounds. 
 Historically, substitution beyond bis-substitution is rare for FeIFeI dithiolates.  Apparently 
such compounds are too electron-rich and expel donor ligands; for example, 
Fe2(S2C2H4)(CN)2(CO)3(PPh3)2 has been isolate and is stable, but its reduction under 1 atm CO 
occurs as a 2e- process in which two equiv of PPh3 are released and [Fe2(S2C2H4)(CN)2(CO)4]2- 
is formed.58  The instability of [Fe2(S2C2H4)(CN)2(CO)2(PPh3)2]2- is electronic rather than steric 
because the isostructural complex Fe2(S2C2H4)(CO)2(PPh3)2 is known.  An exception to this 
trend in substitution is that methyl isocyanide has been observed to sequentially substituted all 
six carbonyls in Fe2(S2C3H6)(CO)6.59  
The use of chelating ligands has only been exploited recently.  Treatment of 
Fe2(SR)2(CO)6 with Me3NO and dppv afforded the asymmetrically substituted 
Fe2(SR)2(CO)4(dppv) in high yield (dppv = 1,2-cis-diphenylphosphinoethylene).53  The 
diphosphine dppv was selected for its rigid backbone that enforces a 2 coordination geometry.  
When non-rigid diphosphines are used, mixtures of products are obtainted (Figure 1.15).  First, 
when syntheses are conducted at room temperature in the presence of Me3NO, the major 
products are often tetranuclear dimers of the formula Fe2(S2C3H6)(CO)4[2-(PPh2)2(CH2)x]  
(dppe = 1,2-diphenylphosphinoethylene).60 A separate side reaction is the formation of dinuclear 
diphosphine complexes in which each phosphine is coordinate to a different Fe, e.g. 
Fe2(S2C3H6)(CO)4[-(PPh2)2(CH2)x].  These reactions are apparently thermodynamic sinks; 
prolonged heating will isomerizes Fe2(S2C3H6)(CO)4[2-(PPh2)2(CH2)x] complexes to the 
bridging diphospines, but only when the backbone of the diphosphine is non-rigid.61   
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Figure 1.15  Substitution chemistry of diiron dithiolate hexacarbonyls by non-chelating diphosphines. 
 
The chelate complexes Fe2(SR)2(CO)4(dppv) have proved a valuble synthon, serving as 
an entry point for highly substituted diiron dithiolate phosphine complexes.  These tetracarbonyls 
are highly electronically asymmetric, featuring two donor phosphines on Fe and none on the 
other.  Interestingly, these complexes are unusually electrophilic, rapidly undergoing substitution 
with excess PMe3 to afford the ‘trisphosphines’ Fe2(SR)2(CO)3(dppv)(PMe3) in which 
substitution occurs at the Fe(CO)3 fragment.53  The enhanced electrophilicity of the chelate 
complex is evidenced by the observation that it is reacts more rapidly with PMe3 than do the 
analogous hexacarbonyls.53  In light of the substitution mechanism proposed above, the 
electronic origin of this is unclear; in the rotamer featuring a vacant site at one Fe, it would be 
expected that the presence of donor phosphine ligands would stabilize the ferrous ion.  However, 
substitution instead occurs at the other Fe, suggesting PMe3 initially attacks at that side.  
Regardless, the tetracarbonyls can also serve as precursors for bis(diphosphine) complexes; 
photolysis of Fe2(SR)2(CO)4(dppv) and dppv afforded Fe2(SR)2(CO)2(dppv)2.  The synthesis of 
these highly substituted and electron-rich precurors allowed for sophisticated modeling of 
[FeFe]-hydrogenase active state models, as will be described below. 
Initial efforts to synthesize models of the Hox state failed, instead yielding diamagnetic 
complexes.  In these syntheses, FeIFeI dithiolates were oxidized in the presence of trapping 
ligands (e.g. PR3, CO, CN-, CNMe) to afford FeIIFeII adducts (Figure 1.16).58, 62, 63  Use of only 
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one equivalent of oxidant resulted in 50% consumption of diiron reagent, indicating that a 2e- 
process was dominant under these conditions.  Interestingly, all of the diferrous products 
displayed low energy CO (1825-1975cm-1), indicating the presence of a bridging carbonyl ligand 
which is an important feature of the enzyme active site.58  Though their isolation was an 
impressive feat, the diferrous oxidation state of these complexes made them only models of an 
inactive state, Hoxair.   
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Figure 1.16  Synthesis of and substitution Hoxair model compounds. 
 
 The first mixed-valence diiron dithiolate was synthesize by Pickett et. al.  Oxidation of 
the thioether-appended [Fe2[(-SCH2)2C(Me)(CH2SCH2C6H5)](CN)2(CO)4]- with one equivalent 
of oxidant afforded the mixed-valent cation in which the thioether was bound and a carbonyl 
ligand bridged the dimer (Figure 1.17).64  This thermally sensitive species served as the first 
model for the HoxCO state. 
When trapping ligands were omitted, binding of solvent was observed and oxidation remained a 
2e- process.   
 
 
Figure 1.17  Synthesis of the first mixed valence [FeFe]-hydrogenase synthetic model.  The pendant thioether 
stabilizes this complex by binding to the incipient vacant site and resulting in the first HoxCO model compound. 
 
Treatment of Fe2(S2C2H4)(CO)3(dppv)(PMe3) with one equivalent of Fc+ in MeCN solvent 
afforded the adduct [Fe2(S2C2H4)(CO)3(dppv)(PMe3)(MeCN)]2+ in 50% yield.53  It was clear at 
that point non-coordinating solvents were needed.  Finally, in 2007 Darensbourg32 and 
Rauchfuss33 reported the first syntheses of Hox models (Figure 1.18).  Treatment of compounds 
of the formula Fe2((SCH2)2(CH2)m)(CO)6-n(L)n  with reagents with one equivalent of Fc+ at low 
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temperatures afford thermally unstable, paramagnetic species (m = 0 or 1, n = 2 or 3, L = PMe3, 
dppv, PCy3, PiPr3, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene).65, 66  The FTIR spectra of 
these compounds indicated the presence of a bridging or semi-bridging carbonyl ligand, 
analogous with the Hox state of [FeFe]-hydrogenase.  These compounds were structurally 
characterized revealing another critical characteristic; a vacant site was located on a single Fe, 
trans to the bridging carbonyl.  This finding resembled that of Peters et. al. whom identified a 
weakly bound water molecule near this tentatively vacant site.  The presence of phosphine 
ligands allowed for the assignment of oxidation states of the two metals; the EPR signals of these 
compounds showed strong coupling to phosphorus atoms, indicating that unpaired electron 
resided on Fe with a vacant site and that it was FeI.  Models containing cyanide ligands have 
been observed to dimerize, quenching their paramagnetism.66 
 
 
Figure 1.18  General syntheses of Hox  (FeIIFeI, 33 e-) model complexes and their weak binding of CO. 
 
The only reported reaction of Hox models that has been studied to any degree is the 
binding of CO.  Like the H-cluster, model compounds reversibly bind CO albeit typically much 
weaker.  The strength of CO binding is loosely correlated to the electron-richness of the metals; 
for example, the CO adducts of the disubstituted Hox models [Fe2(S2C3H6)(CO)4(PMe3)(1,3-
bis(R,R’)imidazol-2-ylidene)]+ are only observed under 1 atm CO at -78 °C,65 while the 
trisubstituted [Fe2(S2C3H6)(CO)3(dppv)(PMe3)]+ forms an adduct under 1 atm CO at -45 °C  (R 
and R’ = 2,4,6-trimethylphenyl or Me).33, 66  Finally, the tetrasubstituted models 
Fe2(S2C2H4)(CO)2(dppv)2 form CO-adducts that are stable up to1 atm CO at ~20 °C. 67 
Models for the Hred state have more precedence, although the criterion for what 
constitutes a model is somewhat ambiguous.  First, in the enzyme the protonation states of the 
                                                 
 It should be noted that at 0 °C these compounds undergo isomerizations that place all terminal carbonyl ligands in 
basal rather than apical coordination sites.  If dissociation of CO from a basal site is slower than the apical site, then 
CO ligand may be ‘trapped’ thus precluding an accurate estimation of CO binding strength. 
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amine cofactor and the diiron core cannot be distinguished by X-ray crystallography and no other 
clarifying data currently exist.  Second, the geometry and regiochemistry of model compounds 
often differs from that of the enzyme, and these are potentially of critical importance.  It has been 
known for decades the FeIFeI dithiolates undergo protonation across the metal-metal bond and 
that this bond is made more basic when the metals feature donor ligands.51, 68  These -hydrides 
represented the first generation of Hred models.  However, since the Hred state may not feature a 
metal hydride, the deprotonated precursor complexes (FeIFeI) could be models as well.  If this is 
the case, then it is critical to note that no synthetic models replicate the rotated geometry that is 
(or is expected to be) found in the Hred state. 
 Regardless, reactivity in the H-cluster is thought to occur only at a terminal site on Fed; 
not in between the two metals.69  The first diiron terminal hydride was synthesized by the 
treatment of the diferrous [Fe2(S2C2H4)(CO)2(PMe3)4(MeCN)]2+ with LiAlH4 (Figure 1.19).63  
This hydride was thermally sensitive and isomerized to the corresponding -H upon warming 
above -25 °C.     
 
 
Figure 1.19  Synthesis of the first diiron dithiolate complex containing a terminal hydride ligand and its 
isomerization to the thermodynamically favored bridging hydride. 
 
Later it was shown that some FeIFeI compounds initially protonate terminally prior to 
isomerization of the hydride to the bridging position.70  Although both terminal and bridging 
hydrides have been considered models for Hred, the terminal regiochemistry is more accurate.  
Much like the substitution chemistry described above, protonation is also proposed to occur 
through a two-electron mixed valence rotamer.  In this related mechanism, a pre-equilibrium 
with highly reactive but sparsely populated rotated state, is primed for reaction with protons 
rather than donor ligands.  For this reason, this mechanism is more plausible if the oxidation 
states of the Fe ions are reversed; the distorted Fe containing a vacant site and trigonal 
bipyramidal geometry should be basic if it is in the Fe0 state, while the un-rotated FeII will 
partially satisfy the 18e− rule by sharing the bridging carbonyl ligand.  According to this 
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mechanism, the FeL3 fragment that most preferentially becomes rotated will be contain the least 
number of donor ligands.  In other words, the ferrous iron (non-rotated) is stabilized by donor 
ligands.  This is well exemplified by the protonation of Fe2(S2C3H6)(CO)3(dppv)(PMe3), in 
which protonation is observed initially at the Fe(CO)2(PMe3) fragment (Figure 1.20).71  
Especially bulky ligands may override this electronic preference. 
 
Figure 1.20.  Proposed mechanism of protonation of Fe2(S2C3H6)(CO)3(dppv)(PMe3).  Please note that the initial 
product, a terminal hydride, rapidly isomerizes to bridging hydrides. 
 
It is important to note that in theory the initial site of protonation can occur at either at a single 
metal or at both metals.  To date, the initial product of protonation for the complex 
Fe2(S2C3H6)(CO)4(PMe3)2 is debated.  Although terminal hydride intermediates have not been 
detected, the initial bridging hydride that is observed has been proposed by some71 to arise from 
a terminal hydride, while others72 contend that it does not (Figure 1.21). 
 
 
Figure 1.21  Selected examples of diiron dithiolate complexes where initial protonation occurs at the bridging 
position (top) or the terminal position (bottom).   
 
 
The oxidation state assignment invoked here to explain the reactivity of rotated isomers is 
opposite to that proposed earlier for the reactivity of diiron dithiolates with nucleophiles (refer to 
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Figure 1.14).  Although it is difficult to rationalize these contrasting assignments, one plausible 
interpretation is that substitution of carbonyls with donor ligands induces redox tautomerization.  
Thus, increasing numbers of donors switch the oxidation states from L3Fe0(-SR)2FeII(-CO)L2 
to L3FeII(-SR)2Fe0(-CO)L2.  In other words, substitution of cyanide for carbonyl in the rotated 
structure changes the reactivity of the vacant site from electrophilic to nucleophilic.   
Although the unprotonated compounds FeI2(SR)2(CO)6-n(L)n could be considered models 
as well, the structures observed in model compounds differs dramatically from those observe din 
the H-cluster.  Although all 32e- model compounds feature near C2v symmetry, in the H-cluster 
the non-dithiolate ligands Fed are rotated ~60° (torsion angle) relative to the non-dithiolate 
ligands of Fep.  This ‘rotated state’ places a carbonyl ligand of Fed in the bridging position, 
generates a vacant site where hydrogen processing occurs, and possibly results in two electron 
mixed valency.  Whereas traditional diiron dithiolates are strictly FeIFeI dimers, in the rotated 
state the rotated metal may be Fe0 and the non-rotated metal may be FeII.  There is only one 
example of a ‘diiron dithiolate’ that successfully reproduces this geometry; the tetranuclear 
cluster [Fe4[Me(CH2S)3]2(CO)8]2-.73  Computational investigation have shown that in typical 
model compounds the barrier towards rotation is ~10-15 kcal/mol, though this number could be 
substantially affected by exceptionally bulky ligands and unsymmetrical coordination 
environments.74 
 
Biosynthesis of the H-cluster, Activation, and Inactivation 
 The biosynthesis of [FeFe]-hydrogenase is complex and requires a structural protein, 
HydA, in addition to three maturation proteins, HydE, HydF, and HydG.  HydF has been 
proposed to act as scaffold onto which the H-cluster’s cofactors are delivered.   
When expressed in the absence of HydE and HydG, HydF (referred to as HydFEG) contains a 
Fe4S4 cluster and an Fe2S2 cluster.75  However, the action of HydE and HydG results in the 
carbonylation and cyanation of the Fe2S2 cluster, as evidence by FTIR spectroscopy.  
Apparently, this species which is formulated as Fe2(SR)2(CN)x(CO)y is EPR silent in the reduced 
state and EPR active in the oxidized state; thus it bears striking similarity to the mature H-cluster 
(x = 2, y = 2 or 3).75, 76  HydF is also a GTPase, and it is proposed that the action of HydE and 
HydG upon it is GTP-dependent.75 
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 It is known that HydG is a radical SAM protein that is capable of catalyzing the synthesis 
of both cyanide and carbon monoxide.  It has been shown that HydG will catalyze the 
stoichiometric converstion of tyrosine into p-cresol and cyanide.77  HydG has also been shown to 
convert tyrosine into p-cresol and carbon monoxide.78  The two assays used to determine cyanide 
and carbon monoxide content were incompatible, and so it has not yet been shown that the two 
are synthesized simultaneously.  Regardless, it is proposed that the net reaction is as follows: 
 
Figure 1.22  Overall proposed stoichiometry of HydG catalyzed synthesis of carbon monoxide and cyanide from 
tyrosine.  Pi = phosphate. 
 
 Given that HydG is likely responsible for the synthesis and delivery of cyanide and 
carbon monoxide ligands to HydF, it is thought that HydE is responsible for the synthesis of the 
dithiolate cofactor (Figure 1.23).  It is known that HydE is also a radical SAM protein,79 and that 
such enzymes can perform methylations.  However, there is currently no evidence for the exact 
role of HydE, and the biosynthetic precursor to this cofactor is unknown.  After the cofactors 
have been delivered to it, HydF transfers the assembled Fe2(SR)2(CN)x(CO)y cluster to the 
apoenzyme HydA.  When expressed in the the absence of the other maturation proteins, HydA 
contains a vacant pocket with a Fe4S4(cys)4  cluster at its internal border whose cysteine is poised 
for binding.80  When expressed in the presence of all three maturation proteins, HydA becomes 
the active holoenzyme [FeFe]-hydrogenase. 
 
 
Figure 1.23  Proposed biosynthesis of [FeFe]-hydrogenase, utilizing the maturation proteins Hyd E, F, G, and the 
holoenzyme hydA. 
 
  When isolated in air, [FeFe]-hydrogenase (from D. desulfuricans) is in an inactive state 
referred to as Hoxair.  In this state the diiron core of the H-cluster has the oxidation state 
[Fe4S4]2+FeIIFeII and so is EPR silent.  This state contains a bridging carbonyl ligand as 
evidenced by FTIR spectroscopy, and the vacant site has been proposed to be occupied by an 
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oxygen ligand (H2O or OH-).  The rationale for the oxygen ligand is that some authors17 refer to 
the original structure by Peters et. al.81 as the Hoxair state rather than the Hox state.  However, 
Peters et. al. reported anaerobic conditions for isolation of the enzyme, and computational results 
based on Fe-O bond length have matched the bond distance for a FeIIFeI state.14  Regardless, loss 
of unsaturation due to ligand binding would be in agreement with the observation that this state 
is stable towards further aerobic damage. 
 The Hoxair state can be reductively activated either electrochemically or with H2.  This 
occurs in a two step process.  When monitored by spectroelectrochemical titrations, the first step 
occurs as a 1e- reduction which occurs at the Fe4S4 cluster in the H-cluster, and is referred to as 
the Htrans state.25  Thus the redox configuration of Htrans can be written as [Fe4S4]+FeIIFeII.  
Further lowering of the potential generates the Hox state and apparently occurs as a 2e-.25  The 
total electron counts of the H-cluster Htrans and Hox are the same, suggesting the redox occurs 
elsewhere.  One possibility is that a disulfide bridge is reduced, inducing a conformational 
change that causes the electron stored in the Fe4S4 cluster to be transferred to the diiron core.25  
As expected, once converted to the Hox state, the enzyme is then active towards hydrogen 
processing. 
 The activated enzyme operates within a narrow electrochemical potential window and 
can be anaerobically inactivated beyond these limits (Figure 1.24).  The enzyme from D. 
desulfuricans has been reported to decompose at potentials where the Hsred state is observed (-
0.54 V vs SHE).25  This potential is only ~0.2 V beyond that of the 2H+/H2 couple under the 
conditions of the experiment (-0.36 V at pH 6, 30 °C, 1 bar H2).82  Similarly, anerobic 
inactivation occurs in the other direction as well at 0.075 V.   
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Figure 1.24  Cyclic voltammagram (pH 6, 30 C) of D. desulfuricans [FeFe]-hydrogenase that has been adsorbed 
onto a pyrolytic graphite electrode, rotated at 2500 rpm.  The negative current response below -0.36 V indicated 
catalytic H2 production, and the positive current above -0.36 V indicated H2 oxidation.  Beyond -0.2 V the enzyme 
anaerobically inactivates and a ‘complex waveform’ is observed on the return scan due to reductive re-activation.  
This figure was taken from ref 82. 
 
 
The identity of this inactivated state is not known, the some sources suggest it is identical to the 
Hoxair state, and that the state is protected from damage from aerobic inactivation.  The potentials 
at which [FeFe]-hydrogenase inactivates varies 0.2 V depending on the organism, and the 
active redox window varies with the relative oxidizing ability of the environment that the 
organism lives in.82 
 Hydrogenases are quite sensitive and can be aerobically inactivated.  When activated 
[FeFe] hydrogenase is treated with O2 it is rapidly and irreversibly inactivated.  Oxidative attack 
occurs at the active site, and is thought to attack at Fed because O2 attack is competitive with CO 
binding.83  However, the Fe4S4 cluster of the active site is ultimately destroyed as evidenced by 
EXAFS.83  [FeFe]-hydrogenase also inactivates anaerobically at somewhat mild potentials.  
Above -0.200 V vs NHE, D.d. [FeFe] hydrogenase oxidatively inactivates.  The identity of this 
inactivated state is unknown, though it may be identical to Hoxair and similarly can be reactivated 
by lowering the potential (further discussed in Chapter …).82  Below -0.490 V, D.d. [FeFe]-
hydrogenase reduces to the Hsred state which is unstable and presumably inactivates the 
enzyme.84 
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Chapter 2:  Synthesis, Reactivity, and Hydrogenation of 
Mixed-Valence Diiron Dithiolates 
 
Introduction 
 
 The first report of [FeFe]-hydrogenase structural models acting as proton reduction 
catalysts appeared in 2001,1  and since then almost all structural models have been shown to be 
capable catalysts.  This is not surprising because hydrogen redox is perhaps the simplest of all 
cases of redox, with no conceivable side products.  In addition, when a strong enough acid is 
used and/or negative enough potentials are applied, a series of reduction and protonation 
processes will inevitably occur which ultimately result in H2 evolution.  A greater challenge lies 
in the design of catalysts that turnover at high rates with low overpotentials and weak acids. 
 In contrast, H2 activation is difficult because it is a mild reagent because the H-H bond is 
strong.  The heterolysis and homolysis of H2 are 76.0 and 103.6 kcal/mol endergonic, 
respectively (values are for MeCN solution).2  Thus, complexes that very strongly bind the 
products of H2 cleavage are needed.  Reports of H2 activation by structural [FeFe]-hydrogenase 
models are exceptionally rare.  In 2001, Darensbourg et. al. reported that in the presence of 
ambient light (“Texas, July”) the diiron hydride [Fe2(S2C3H6)(-H)(CO)4(PMe3)2]+ slowly 
catalyzed H-D exchange in mixtures of H2 and D2 (Figure 2.1).3  Catalysis was only observed in 
non-coordinating solvent (CH2Cl2) and was inhibited by CO, suggesting that photolysis 
generated a vacant site.4  Additionally, exchange with D2O was also observed under similar 
conditions.  The first report of hydrogen oxidation was reported by Rauchfuss et. al. in 2008.5  
THF solutions of Fe2(S2CnH2n)(CO)4(diphos) were photolyzed under 1 atm of H2.  Here, the high 
field region of the 1H NMR spectrum indicated the presence of trace yields of metal hydrides.  
Though these examples have set benchmarks for future studies, they utilize photolytic conditions 
not used by the enzyme catalysts.  Furthermore, the H2 activating complexes’ oxidation states do 
not match those of the H2 activating state of the enzyme; Hox is a FeIIFeI mixed valance state. 
 
                                                
Portions of this Chapter are reproduced from the following publication with permission from the authors. 
Olsen, M. T., Barton, B. E., Rauchfuss, T. B., Inorg. Chem. 48, 7507-7509. 
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Figure 2.1.  Reported examples of H2 activation by [FeFe]-hydrogenase synthetic models. 
 
 In contrast to the dearth of reactivity of H2 for biomimetic models, bioinspired models 
have encountered much success.  Dubois et. al. have developed an extensive series of 
mononuclear first-row metal complexes bearing ‘PNP’ ligands; diphosphines that are 
complimented with non-coordinated amines.  These ligands are inspired by the azadithiolate 
cofactor and have been exploited as proton relays.  The most well developed family of 
complexes are of the formulae [Ni(PNP)2]2+.    These complexes catalyze both hydrogen 
oxidation and proton reduction, the preference for one versus the other being dictated by the 
substituent on the pendant amines.6  A caveat for these complexes is that ligands of the form 
P2N2 are superior, because they preferentially orient at least one ‘PNP’ fragment in the boat 
conformation. The consequence of this orientation is  that a pendant amine is always direct 
towards the metal vacant site and primed to assist in heterolytic H2 cleavage. 
 Other first row M(PNP) systems have emerged recently.  The manganese complex 
[Mn(P2N2)(dppm)(CO)]+ is capable of hydrogen binding but not H2 cleavage.7  Iron complexes 
of the form [Fe(H)(PNHP)(dppm)(MeCN)]2+ have been protonated to afford H2 complexes, 
some of which eliminate H2, but none have  demonstrated the activation H2 or act as 
electrocatalysts in either direction.  Lastly, the cobalt complex [Co(PNP)(MeCN)3]2+ has been 
shown to electrocatalyze proton reduction at moderate rates (160 s-1), though dihydrogen 
oxidation does not occur.8  Additionally, cobaloxime catalysts which were initially discovered by 
Espenson9 and popularized by Fontecave and Peters have been shown to be rapid catalysts for H+ 
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reduction at mild overpotentials.10  The most efficient of these catalysts are even capable of H2 
oxidation.11 
Recently the mixed-valence complex [Fe2(pdt)(CO)3(PMe3)(dppv‡)]BF4 ([1]BF4) was 
reported and characterized as a paramagnetic (S = 1/2) spin-localized species.  [1]BF4 represents 
an excellent structural model for the Hox state of the active site (dppv = cis-1,2-
bis(diphenylphosphino)ethylene, pdt = 1,3-propanedithiolate).7,8  With a highly exposed 
coordination site on the Fe(I) center, Hox and its models are poised to bind H2.  Although [1]+ 
binds CO, it exhibits no discernable reactivity toward H2.  The anticipated product of hydrogen 
activation, [Fe2(-H)(pdt)(CO)3(PMe3)(dppv)]BF4 ([1H]BF4), was prepared independently by 
protonation of the corresponding Fe(I)Fe(I) precursor; a kinetic terminal hydride is initially 
formed which rapidly isomerizes to a mixture of bridging hydrides.  With these species 
established as spectroscopic standards for the expected reactants and products of H2 activation, 
this study was initiated.  Herein the first example of dihydrogen activation by an [FeFe]-
hydrogenase model is reported, as well as the several critical advances that have facilitated this 
progress. 
 
 
Results 
 
Synthesis and Characterization of Hox Models with Heteroatom-bearing Dithiolates. 
  
Although the propanedithiolate [1]BF4 has been reported, examples of Hox models  
possessing heteroatoms are absent.  Thus diiron oxadithiolato complex precursors were prepared 
by conventional ligand substitution.  Treatment of mixtures of Fe2(odt)(CO)6 and dppv in MeCN 
with Me3NO afforded the tetracarbonyl Fe2(odt)(CO)4(dppv) in good yield.  This precursor was 
then treated with PMe3 under ambient conditions or PiPr3 under photolytic conditions to afford 
the tricarbonyls Fe2(odt)(CO)3(dppv)(PR3) (R = Me, iPr for 3 and 3’ respectively).   
Oxidation of 3 and 3’ with FcBF4 afforded the cations [3]BF4 and [3’]BF4 as thermally 
sensitive solutions.  IR measurements indicated that [3]BF4 closely resembled [1]BF4, displaying 
a -CO = 1880 cm-1 (Table 2.1, Figure 2.8) and suggesting the characteristic structure of Hox 
models;12, 13 the Fe(dppv)(CO) subunit is rotated ~30° along the Fe-Fe vector, placing the CO 
ligand in the semi-bridging position and exposing a terminal vacant site.  As shown in Figure 
2.2, the X-band EPR spectrum of [3]BF4 in 1:1 CH2Cl2:toluene exhibits a near axial pattern (g = 
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2.01076, 2.03449, 2.12522), each feature of which shows hyperfine coupling to two equivalent 
phosphorus centers (Aav = 76.70, 72.76). 
Table 2.1.  IR bands in the region of 2200 – 1700 cm-1 for various complexes in toluene solution unless indicated 
otherwise (* = CH2Cl2 solution).  
Fe2[(SCH2)2X](CO)3(dppv)(PMe3)]X CO (-CO) 
[Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)]BArF4 ([2’]BArF4) 2016, 1964, (1868) 
[Fe2[(SCH2)2NH](CO)3(dppv)(PMe3)]BArF4 ([2]BArF4) 2013, 1956, (1901) 
[Fe2[(SCH2)2O](CO)3(dppv)(PMe3)]BArF4 ([3]BArF4) 2016, 1968, (1888) 
[Fe2[(SCH2)3](CO)3(dppv)(PMe3)]BArF4 ([1]BArF4) 2015, 1962, (1887) 
[Fe2[(SCH2)3](CO)3(dppv)(PMe3)]BF4* ([1]BF4) 2015, 1962, (1889) 
[Fe2[(SCH2)3](CO)3(dppv)(PMe3)]BArF4* ([1]BArF4) 2015, 1962, (1889) 
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Figure 2.2.  Left:  X-Band EPR spectrum (1:1 CH2Cl2/toluene glass, 77 K) of [3]BF4.  The spectrum was 
simulated (red) with the following parameters:  g = 2.00766, 2.02174, 2.14161.  A = 74.72, 78.43, 84.35. 
Right:  X-Band EPR spectrum (1:1 CH2Cl2/toluene glass, 77 K) of [2’]BF4.  The spectrum was simulated (red) 
with the following parameters:  g = 2.01070, 2.02202, 2.11878.  A = 73.46, 71.70, 82.74 (symmetrical 
phosphines). 
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Figure 2.3.  X-band EPR spectrum (toluene glass, 77 K) of [1]BArF4.  The broadness of the peaks is attributed to 
the presence of two isomers in which the propanedithiolate is folded towards and away from the Fe(dppv) site.14 
 
 
The similarity of these data to that of the propanedithiolate [Fe2(pdt)(CO)3(PMe3)(dppv)2]BF4 
suggests that in [3]BF4 the unpaired electron density is located on a ‘rotated’ Fe(CO)(dppv) 
subunit (Figure 2.3); thus the oxidation states are formally assigned as (CO)2(PMe3)FeII(-
SR)2(-CO)FeI(dppv).  When the related [3’]BF4 was oxidized under similar conditions, the 
resultant EPR spectrum contained two species of comparable intensity (Figure 2.4).  Both 
displayed near-axial patterns with the one coupling to a single phosphorus center (g = 2.00905, 
2.03400,  2.10257; Aav = 70.21) and the other coupling to two near-equivalent phosphorus nuclei 
(g = 2.00453 2.02970 2.12330; Aav = 85.86, 69.16).   
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Figure 2.4.  X-Band EPR spectrum (110 K, 1:1 CH2Cl2:toluene frozen glass) of [3’]BF4 (green).  The spectrum 
simulation is composed of two components (red), [Fe2(odt)(CO)3(PiPr3)rot(dppv)]BF4, gav = 2.04854, Aav = 70.20 
and  [Fe2(odt)(CO)3(PiPr3)(dppv)rot]BF4, gav = 2.05251, Aav = 85.86, 69.16. 
 
These two signals are due to overlap of isomers of [3’]BF4 in which the rotation occurs at the 
Fe(CO)2(PiPr3) or Fe(CO)(dppv) subunits, respectively.  In contrast, the EPR spectrum of 
[Fe2(S2C3H6)(CO)3(dppv)(PiPr3)]+ is only comprised of the isomer in which the Fe(CO)2(PiPr3) 
isomer is rotated. 
Azadithiolate-containing Hox models have proven particularly sensitive: attempts to 
generate [Fe2(adt)(CO)3(PMe3)(dppv)]BF4 ([2]BF4, adt = (SCH2)2NH) by oxidation of 2 with 
FcBF4 resulted in complex mixtures even at -71 ºC (Figure 2.5).  Titration of 2 equivalents of 
FcBF4 to 2 at −71 °C indicated that this mixture was composed of 2, [2]+, and an over-oxidized 
species formulated as [2]2+.  The formation of this mixture is due to the small separation (~0.2 V) 
of the [2]0/+ and [2]+/2+ couples (see Chapter 5); these mixtures are kinetically trapped at the low 
temperatures that [2]BF4 is stable.  Mixtures of products of hindered the preparation of many 
azadithiolate-containing Hox models.15  In contrast, the separation of redox events in the tertiary 
azadithiolate Fe2[(SCH2)2NBn](CO)3(PMe3)(dppv) (2’) is much larger (~0.5 V); treatment of 2’ 
with FcBF4 cleanly afforded [2’]BF4 which also spectroscopically resembled [1]+ and [3]+. 
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Figure 2.5.  In situ IR spectra  (CH2Cl2, -71 °C) of 2 as FcBF4 is slowly added. 
 
The thermal sensitivity of [1]BF4, [2]BF4, and [3]BF4 severely limits studies of its reactivity 
toward H2, and it generally decomposes within minutes upon warming to room temperature.  
However, solutions of the corresponding BArF4- salts, synthesized from the neutral precursor and 
Fc+ in CH2Cl2, are stable for several hours at room temperature (BArF4 = B(C6H3-3,5-(CF3)2)4-).  
The sensitivity of electrophilic Fe carbonyls towards fluorinated counterions is precedented.16  It 
was separately confirmed that solutions of [1]BArF rapidly decomposed upon treatment with 
[Bu4N]BF4.  The stability of these salts is even further improved by switching solvents from 
halocarbon to toluene.  Indeed, small amounts of Cl· and ·CH2Cl adducts of [2’]+ were observed 
in the ESI mass spectrum of the complex mixture observed when [2’]+ is allowed to decomposed 
over several days. 
Interestingly, treatment of 2 with FcBArF4 did not afford mixtures but instead cleanly 
yielded [2]BArF4.  The ability of weakly coordinating anions to increase the potential separation 
of redox events is well established,17 and thus weakened ion pairing makes over-oxidation more 
difficult.  In summary, the weakly coordinating anion BArF4− simplifies the isolation of Hox 
models in two ways.  First, it increases the separation of redox events, thus obviating the 
problem of ‘overshooting’ during oxidation.  Second, the thermal stability of the mixed valence 
complexes is greatly enhanced. 
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Carbonylation of Hox models 
Previously the carbonylation of Hox models was reported to afford adducts (HoxCO 
models) in which CO was bound to the apical vacant site of the Fe(dppv)(-CO) subunit.  
Similarly, CH2Cl2 solutions of [2]BF4, [2’]BF4, [3]BF4, and [3’]BF4 rapidly carbonylate under 1 
atm of CO at -71 °C to afford the CO adducts as indicated by IR spectroscopy (Figure 2.6, 
Figure 2.7, Figure 2.8, Figure 2.9).  The regiochemistry of the Fe(CO)2(PMe3) subunit in similar 
HoxCO models is dependent on the bulk of the dithiolate ligand; in the propanedithiolate [1(CO)]+, 
the PMe3 ligand is basal while in the ethanedithiolate [Fe2(S2C2H4)(CO)4(dppv)(PMe3)]+ 
complex, the PMe3 ligand is apical.12, 18  EPR spectroscopy is used to identify these isomers, 
because apical phosphines display large hyperfine coupling (A ≈ 300 Hz) while basal phosphines 
display small hyperfine coupling (A ≈ 30 Hz). 
The EPR spectra of the new HoxCO models confirmed the presence of similar isomers.  
When the central atom is relatively small as in the oxadithiolate [3(CO)]+, a mixture of a apical 
or basal PMe3 isomers is observed (Figure 2.8).  However, when the central atom is larger as in 
[2’(CO)]+, only a basal PMe3 isomer is observed (Figure 2.7).  In the case of [3’(CO)]+, where 
PMe3 is replaced by the bulkier PiPr3, a complex mixture was obtained that could not be 
simulated (Figure 2.9).  This is probably due to carbonylation of  the two different rotamers of 
[3’]+ as discussed above; as a result both the PiPr3 and dppv can occupy the apical site and 
allowing for a total of four isomers. 
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Figure 2.6.  IR Spectra at -71 ºC in CH2Cl2 of 2 (top), [2]BF4 (middle), and  [2(CO)]BF4 (bottom). 
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Figure 2.7.  Left: IR Spectra at -71 ºC in CH2Cl2 of 2’ (top), [2’]BF4 (middle), and  [2’(CO)]BF4 (bottom). 
Right:  X-band EPR Spectrum (1:1 CH2Cl2/toluene glass, 110 K) of [2’(CO)]BF4.  Only one isomer is present, 
in which both the dppv a PMe3 ligands are in basal positions.  The spectrum was simulated (red) with the 
following parameters: g = 2.01413, 1.99611, 1.98590.  A = 36.98 / 32.07 / 37.45, 34.43 / 30.50 / 33.23, 
30.69 /33.68 / 26.19.  
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Figure 2.8.  Left: IR Spectra at -71 ºC in CH2Cl2 of 3 (top), [3]BF4 (middle), and  [3(CO)]BF4 (bottom). 
Right:  X-Band EPR spectrum (193 K, 1:1 CH2Cl2:toluene thawed solution): 
[3(CO)]BF4.  Two isomers are present; one in which the PMe3 ligand is basal (inner, quartet due to coupling to 3 
near-equivalent basal phosphines), and the other in which the PMe3 ligand is apical (outer, doublet of triplets due to 
equivalent coupling to the dibasal dppv and inequivalent coupling to the apical PMe3).  The spectrum was simulated 
(red) with the following parameters:  [Fe2(odt)(CO)4(PMe3)ba(dppv)]BF4, g =  1.99953, A = 39.04, 30.06, 30.90, and 
[Fe2(odt)(CO)4(PMe3)ap(dppv)]BF4, g =  1.99828, A = 278.29, 33.64, 32.95. 
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Figure 2.9.  Left: IR Spectra at -71 ºC in CH2Cl2 of [3’(CO)]BF4 (bottom). 
Right:  X-band EPR Spectrum (1:1 CH2Cl2/toluene glass, 110 K) of [3’(CO)]BF4. 
 
However, toluene solutions of [2]BArF4, generated from treatment of 2 with FcBArF4,12 
are stable for days at roomtemperature.  The related tertiary amine complex 
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[Fe2[(SCH2)2NBn](CO)3(PMe3)(dppv)]BArF4 [2’]BArF4 was also prepared and used for the 
majority of our studies for reasons described below.  The spectroscopy of [1]+, [2]+, and [2’]+ are 
very similar ,19 indicating that the azadithiolates feature a rotated Fe(dppv)(CO) subunit in which 
the carbonyl is located in the bridging position and a vacant site is exposed.  The unsaturated 
character of [2’]+ was confirmed by treatment with CO; rapid and reversible binding was 
observed to form the adduct [2’(CO)]+.  This characteristic reversible binding of is assumed to a 
prerequisite for any model that activates H2. 
 
Hydrogenation of Hox Models. 
The robust salt [1]BArF4 proved unreactive toward 1800 psi H2 in toluene solution, even 
upon addition of the bulky base (2,6-di-tBu-pyridine).  Apparently H2 activation by Hox models 
encounters a significant kinetic barrier.  However, treatment of [2]BArF4 with 1800 psi H2 for 
26 h resulted in 30% conversion of the starting complex to yield a mixture of hydrides 
formulated as isomers of [2(-H)]BArF4 (Eq 2.1, Table 2.2).  The product [2(-H)]+ is 
spectroscopically identical to the hydride produced by protonation of 2 (see below).  Analogous 
but more rapid reactivity was found for the tertiary amine [2’]BArF4, which gave [2’(-H)]BArF4 
in high yield (~85%, Figure 2.10).  The oxadithiolato complex [Fe2(odt)(CO)3(PMe3)(dppv)]+ 
([3]+, odt = (SCH2)2O) (generated in situ) was also comparably stable to [2’]BArF4 but was 
unreactive under high pressures of H2.  Collectively, these results indicate the participation of the 
amine in the activation of H2 by the cationic diiron complex (Table 1).  Under otherwise 
identical conditions but pressurizing the vessel with argon in place of hydrogen, [2’]+ remains 
unchanged.  In the same way that  the adt complexes [2]+ and [2’]+ exhibit far greater reactivity 
toward H2 than does [1]+, preliminary studies show that [Fe2(adt)(CO)2(dppv)2]+ is reactive 
towards H2 whereas the  analogous propanedithiolate [Fe2(pdt)(CO)2(dppv)2]+ is not. 
Eq 2.1. 
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Table 2.2.  Reactivity of [Fe2[(SCH2)2X](CO)3(PMe3)(dppv)]+ Derivatives Toward H2.  (10 mM toluene soln, 1800 
psi H2, 26 h). 
Complex (BArF4- salt) yield of hydride
[Fe2(pdt)(CO)3(PMe3)(dppv)]+ ([1]+)  <5%
[Fe2(adt)(CO)3(PMe3)(dppv)]+ ([2]+)  ~30%
[Fe2(adt-Bn)(CO)3(PMe3)(dppv)]+ ([2’]+) ~85%
[Fe2(odt)(CO)3(PMe3)(dppv)]+ ([3]+)  <5%
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Figure 2.10.  IR spectrum (toluene) of [2’]BArF4 (A) after treatment with 2000 psi Ar for 70 min (B), after 
treatment with 2000 psi H2 for 70 min (C, mixtures of [2’]+ and [2’(-H)]+), after treatment with 2000 psi H2 for 2 
days (D, [2’(-H)]+), and an independently prepared sample of [2’(-H)]+ (E).  Note that [2’]BArF4 is virtually 
unaffected by high pressures of Ar, but identical conditions with H2 result in significant consumption of [2’]+ and 
growth of [2’(-H)]+. 
 
 
 
A number of controls were conducted to verify the significance of our findings.  1H and 
19F NMR analyses of reaction mixtures verify that BArF4- and ferrocene remained unaffected 
thus implicating that the hydride products are not derived from these sources.  When toluene 
solutions of [2’]BArF4 were stored in the absence of H2 for several days, only trace amounts of 
[2’(-H)]+ formed (11% after several days), probably from a reaction involving adventitious 
water.  This interesting process was confirmed by treatment of [2’]+ with D2O.  The ESI-MS 
spectrum of the decomposed reaction mixture indicated compounds that matched the molecular 
weights of [2’(D)]+ and [2’(OD)]+ (Figure 2.11).  It is important to note to the reader that 
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subsequent to the completion of these experiments, it was realized that this work was performed 
with solvents containing trace amounts of water.   
 
 
Figure 2.11.  ESI mass spectrum in MeOH of [2’]BArF4 after treatment with D2O.  The peak at 866.8 m/z 
corresponds to [2’(-D)]+, and the peak at 882.7 m/z corresponds to [2’(OD)]+. 
 
 
The formation of the -hydride [2’(-H)]+ requires explanation, since the prevailing 
mechanism of catalysis should afford the terminal hydride.13,14  Protonation of 2’ with 
H(OEt2)BArF4 was found to afford the ammonium salt [H2’]+, which was characterized by IR 
and 31P NMR spectroscopies.20  The IR spectrum of [H2’]+ indicates that it is structurally 
dissimilar from 2’.  Thus it is proposed that the PMe3 ligand in [H2’]+ is basal, rather than apical 
as in 2’.  This ammonium compound was found to convert via a first-order process (k = 3.9 x 10-
4 s-1, 23 ºC, CH2Cl2) to [2’(-H)]+ (eq 2.2, Figure 2.1). 
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Eq 2.2 
 
 
1800190020002100  
Figure 2.12.  IR spectrum of CH2Cl2 solutions of of 2’(top), [H2’]BArF4 (middle, ammonium tautomer), and 
[2’(-H)]BArF4 (bottom, bridging hydride tautomer).  The x-scale is in cm-1. 
 
 
This isomerization is assumed to occur via the terminal hydride ([2’(t-H)]+), since the 
isomerization sequence to [2’(-H)]+  is very similar to that of the propandedithiolate 1 (Figure 
2.13).  Protonation of 1 initially affords a terminal hydride which rapidly isomerizes to the 
bridging position.21  The regiochemistry of the isomers has been characterized based on the 31P-
1H coupling observed in the hydride resonances of the 1H NMR spectrum.  Basal phosphines 
couple strongly (~20 Hz) to the bridging hydride, whereas apical phosphines couple weakly (<5 
Hz).22  The initially observed isomer of bridging hydride [2’(-H)]+ contains a dibasal dppv 
ligand and an apical PMe3 ligand.  After several hours at 20 °C, isomers containing either a basal 
PMe3 or an apical-basal dppv appear, and after several weeks this mixture reaches equilibrium.  
It was concluded that under the conditions of the hydrogenation (26 hours, 25 ºC) and following 
subsequent redox events (discussed below), one major and two minor isomers of [2’(-H)]+ are 
the expected products. 
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Figure 2.13.  Isomerization of the ammonium [H2’]+ to the bridging hydride [2’(m-H)]+.  A single isomer of [2’(m-
H)]+ is formed initially which equilibrates with two others, as indicated by the high field region of the 1H NMR 
spectrum (center). 
 
Using D2 (1300 psi, 48 h) in place of H2, the deuteride [2’(-D)]+ was obtained, as 
verified by 2H NMR analysis (Figure 2.14).  This result further verifies that H2 is the source of 
hydride.  Interestingly, ESI-MS analysis revealed that this reaction resulted in a [2’(-D)]+/[2’(-
H)]+ in a ratio of ~1:1.  Control experiments confirmed that [2’(-D)]+ does not exchange with 
H2O, thus the [2’(-D)]+/[2’(-H)]+ ratio is mechanistically relevant.  The high deutero content 
indicates that activation of D2 (or H2) generates a solvent-exchangeable intermediate, e.g. an 
ammonium ion.   
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Figure 2.14.  1H (top) and 2H NMR (bottom) spectra of [2’]BArF4 after treatment with 1300 psi D2 for 48 h.  In 
the 2H NMR spectrum, the peak at -15.4 ppm corresponds to the bridging deuteride and the peak at 5.32 ppm 
corresponds to the natural abundance of CHDCl2 contained in the solvent.  The presence of both [2’(-D)]+ and 
[2’(-H)]+ is due to scrambling by adventitious water.  
 
In the converse experiment in which [2’]+ was treated with H2 (2000 psi) in the presence 
of D2O, a ~4:1 mixture of [2’(-D)]+/[2’(-H)]+ was obtained.  The difference between these 
experiments is that the former reacted with a small concentration of adventitious H2O (later 
measured to be 64 ppm and 90 ppm in the laboratory’s solvent system supply of CH2Cl2 and 
toluene, respectively) while the latter was treated with a large volume of D2O.  Deuteration is 
greater than 50% because both the mono- and diprotonated species, [H2’ + and [H2’(t-H)]2+ 
exchange with D2O.  It was independently verified that the bridging hydride [2’(-H)]+ does not 
undergo H-D exchange.   Instead, exchange must occur from the terminal hydride [2’(t-H)]+ via 
isomerization to the ammonium [2’H]+, because diiron dithiolate terminal hydrides lacking a 
proton relay (i.e. propanedithiolate) do not exchange with D2O. 
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Discussion and Conclusions 
 
The near-quantitative nature of the hydrogenation indicates the stoichiometry shown in eq 3. 
 
2 [Fe2(adt)(CO)3(PMe3)(dppv)]+  +  H2    2 [HFe2(adt)(CO)3(PMe3)(dppv)]+ 
Eq 3. 
 
Although this reaction initially appears homolytic, it is instead proposed to proceed via a 
heterolytic mechanism because high yields of diiron hydride products are only obtained for the 
azadithiolate complex [2’]+.  Even though the formal heterolytic cleavage of H2 is 
thermodynamically uphill (~76 kcal/mol, MeCN), the net reaction is made possible by the 
hydricity of [2’]+ and subsequent redox, proton transfer events, and hydride isomerization 
(Figure 2.15).   
2 [2'(t-H)]+
H+ + [2'(t-H)]+ + [2']
Protonation
G = -pKa*1.37
~ -15 kcal/mol
H+ + [2'(t-H)] + [2']+
H2 Heterolysis
G = +76 kcal
Gtot = ~ -16 kcal/mol
Hydricity
G = ~ -48 kcal
Oxidation
G = E1/2*23.06
~ -19 kcal/mol
H2 + 2[2']+
H- + H+ + 2[2']+
Isomerization
G = 2(0.2*23.06)
~ -10 kcal/mol
2 [2'( -H)]+  
Figure 2.15.  Thermodynamic cycle for the reaction [Fe2(SR)2(CO)3(PR3)3]+  +  H2  [HFe2(SR)2(CO)3(PR3)3]+. 
 
A mechanism of hydrogen activation is proposed in which the binding of H2 to the 
mixed-valence precursor gives the adduct [2’(H2)]+ (Figure 2.16).  CO binds only weakly to 
[1]+,8,16 and the binding of H2 is expected23 to be even less favorable.  Binding of H2 initiates the 
heterolytic activation sequence as implied by the requirement for the amine-containing 
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dithiolate.  The [Fe2[(SCH2)2X](CO)4(PMe3)(dppv)]1+/2+ couple of the CO adduct is expected to 
be ~250 mV more positive than the [Fe2[(SCH2)2X](CO)3(PMe3)(dppv)]0/1+ couple,19 and by 
extension [2’(H2)]+ is insufficiently electron-rich  to reduce unreacted [2’]+.  However, an 
ammonium hydride [H2’H]+ is expected24 to be a powerful reductant (~-1.6 V vs Fc0/+), and so 
heterolysis precedes redox events.  Heterolysis of [2’(H2)]+ is irreversible since [2’]+ does not 
catalyze the formation of HD from H2 and D2O under the conditions of the experiment.  Thus, 
following heterolysis and redox events, the diferrous ammonium hydride [H2(H)]2+ is generated 
and 2’ is regenerated.  The basic 2’ then rapidly depronates [H2’(H)]2+ to yield two equivalents 
of [2(H)]+.  Finally, isomerization of [2’(t-H)]+ to [2’(-H)]+ adds an additional ~5 kcal/mol of 
driving force estimated by E1/2 in the closely related ‘tetraphosphine’ complex.24  Though this 
driving force is not necessary for thermodynamic favorability of the overall process, 
isomerization is rapid and highly relavent to future catalytic systems where the [2’(-H)]+ is 
expected to be an unescapable local minimum on the reaction coordinate; deprotonation of 
similar bridging hydride is often prohibitively slow when bulky phosphines are used, and 
oxidation often requires harsh potentials. 
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Figure 2.16.  Proposed mechanism of H2 activation by [Fe2[(SCH2)2NR](CO)3(PMe3)(dppv)]+. 
 
The results presented in this Chapter establish the feasibility of hydrogen oxidation by 
biomimetic diiron dithiolato complexes and point to a mechanistic framework for the enzyme 
(Scheme 2).25  Though requiring extreme conditions (1800 psi H2, 26 hours), this work 
represents the first report of the thermal activation of H2 oxidation by a biomimetic hydrogenase 
model.  As such, this study has set a previously unavailable benchmark for future complexes..  
The activation process requires a coupling of the electron- and proton-transfers.  Optimized 
models will require manipulation of these equilibria, as well as control of the isomerization of 
the hydride.  The present results demonstrate that the amine is crucial to the activation of 
dihydrogen by the diiron center.26 
 
                                                 The author has defined “biomimetic  hydrogenase model” as a model that accurately replicates the metals, 
oxidation states, and majority of ligands within the first coordination site.  In the case of the present complexes, the 
main differences between these complexes and the active site are that cyanide and thioether ligands are replaced by 
phosphines, and the regiochemistry of these donor ligands is slightly different from that of the active site. 
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Experimental. 
Synthetic methods for Fe2[(SCH2)2(NBn)(CO)3(dppv)(PMe3)] have been recently 
described.27  In situ IR measurements employed a React-IR 4000 (Mettler-Toledo).  Compounds 
228, 2’,27 FcBArF4,29 and H(OEt2)2BArF430 were prepared as previously reported. 
Fe2[(SCH2)2NH](CO)3(dppv)(PMe3), 2.  A solution of 1.141 g (1.57 mmol) 
Fe2[(SCH2)2NH](CO)4(dppv) in 20 mL of CH2Cl2 was frozen and onto it was distilled 1.1 mL 
(10.5 mmol) of PMe3.  Upon warming to room temperature, the solution bubbled vigorously and 
within 60 minutes the IR spectrum indicated the presence of 3.  A brown-red colored product 
was precipitated upon addition of 50 mL of hexanes, removal of half of the volume of solvent by 
evaporation, and then filtration of the light brown supernatant.  Yield:  0.942g (77.5%).  1H 
NMR (CD2Cl2):  δ  8.1 – 7.3 (m, dppv), 3.05 (m, SCH2), 2.61 (m, SCH2), 1.59 (m, PMe3).  31P 
NMR (CD2Cl2):  δ 94 (s, dppv), 28 (bs, PMe3).  IR (CH2Cl2): CO = 1960, 1904 cm-1. Anal. 
Calcd for C34H36Fe2NO3P3S2 (found): C, 52.67 (52.22); H, 4.68 (4.68); N, 1.85 (1.81). 
Fe2[(SCH2)2O](CO)3(dppv)(PMe3), 3.  A solution of 0.350 g (0.48 mmol) 
Fe2[(SCH2)2O](CO)4(dppv) in 15 mL of CH2Cl2 was frozen and onto it was distilled 0.5 mL of 
PMe3.  Upon warming to room temperature, the solution bubbled vigorously and within 30 
minutes the IR spectrum indicated the presence of 3.  The brown-red colored product was 
precipitated upon addition of 40 mL of hexanes.  Yield:  0.330g (88.4%).  1H NMR (CD2Cl2):  δ  
8.20 – 7.24 (m, dppv), 3.88 (d, JH-H = 9.6, SCH2), 2.98 (d, JH-H = 9.9, SCH2), 1.60 (d, JP-H = 8.5).  
31P NMR (CD2Cl2):  δ 93 (s, dppv), 18 (s, PMe3).  IR (CH2Cl2): CO = 1960, 1904.  FD-MS: m/z 
= 776.0.  Anal. Calcd for C34H35Fe2O4P3S2 (found): C, 52.60 (52.31); H, 4.54 (4.88). 
 Fe2[(SCH2)2(NCH2C6H5)](CO)4(dppv).  To a mixture of 1.835 g (3.8 mmol) of 
Fe2[(SCH2)2(NCH2C6H5)](CO)4(dppv) and 1.519 g (3.8 mmol) in 30 mL of MeCN was added a 
solution of 0.325 g Me3NO (4.3 mmol) in 20 mL of MeCN.  The dark brown solution was stirred 
for 6 hr, at which point the solvent was evaporated.  The mixture was repeatedly recrystallized 
with 1:10 mixtures of CH2Cl2 and hexanes until the supernatant was clear and a dark 
brown/olive powder remained.  Yield: 2.445 g (72.5%).  1H NMR (CD2Cl2) (two isomers were 
observed, corresponding to the orientation of the diphosphine28; major axial-basal (ab) and minor 
dibasal (db) in a ~12:1 ratio at 20 ºC):  8.10 – 6.77 (m, phenyl/vinyl), 3.72 (bs, NCH2Ph, db 
isomer), 3.43 (bs, SCH2, db isomer), 3.33 (bs, SCH2, db isomer), 3.01 (bs, SCH2, ab isomer), 
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2.73 (bs, SCH2, ab isomer), 1.90 (bs, NCH2Ph, ab isomer).  31P NMR (CD2Cl2):  97 (s, ab 
isomer), 83 (s, db isomer).  IR (CH2Cl2): CO = 2022, 1953, 1913 cm-1.   FD-MS: m/z = 817.1. 
 Fe2[(SCH2)2(NCH2C6H5)](CO)3(dppv)(PMe3)  (2’).  Onto a frozen solution of 0.730 g 
Fe2[(SCH2)2(NCH2C6H5)](CO)4(dppv) (0.9 mmol) in 30 mL of CH2Cl2 was distilled 1 mL PMe3 
(9.7 mmol).  The solution was thawed to 20 ºC and allowed to stir for 18 hours or until complete 
as indicated by the IR spectrum.  The solution was concentrated in vacuo to ~5 mL of solvent, 
and a brown powder was precipitated upon addition of 30 mL of hexane.  The product was 
washed with 2 x 30 mL of hexane and dried in vacuo.  Yield: 0.530 g (66%).  NMR (CD2Cl2)  
8.1 – 6.7 (m, phenyl/vinyl), 2.91 (s, SCH2), 2.77 (d, JH-H = 11 Hz), 1.90 (bs, NCH2Ph), 1.54 (d, 
JP-H = 9 Hz, PMe3) ,  31P NMR (CD2Cl2):  95 (s, Fe-dppv), 22 (s, Fe-PMe3).  IR (CH2Cl2 CO = 
1956, 1899 cm-1.   FD-MS: m/z = 865.2.  Anal. Calcd for C41H42Fe2N1O3P3S2 (found): C, 56.90 
(56.11); H, 4.89 (5.11); N, 1.62 (1.54). 
[Fe2[(SCH2)X](CO)3(dppv)(PMe3)]BArF4.  ~10 mM solutions were generated by the 
addition of toluene to an equimolar mixture of Fe2[(SCH2)X](CO)3(dppv)(PMe3) and FcBArF4 
(~0.020 g of [Fe2] and 0.002 L of toluene) .   The brown solution was vigorously stirred until it 
became purple (5 min), at which point the IR spectrum indicated the presence of 
[Fe2[(SCH2)X](CO)3(dppv)(PMe3)]BArF4 (Table XXX).  Isolation of these complexes was 
hindered by the high solubility of the BArF4- counter-ion.  Attempted precipitation with anti-
solvents (hexane, Et2O) afforded tacky oils. 
[Fe2[(SCH2)2X](CO)4(dppv)(PMe3)]BF4.  A solution of 0.040 g 
Fe2[(SCH2)2X](CO)3(dppv)(PMe3) (0.05mmol) in 1 mL CH2Cl2 was cooled to -78 ºC and treated 
with a solution of 0.014 g (0.05 mmol) FcBF4 in 1 mL of CH2Cl2.  In situ monitoring of the 
resultant purple solution by ReactIR (Mettler-Toledo) displayed bands indicative of 
[Fe2[(SCH2)2X](CO)3(dppv)(PMe3)]+.  Upon treatment with 1 atm CO, the solution reddened and 
within 30s bands for [Fe2[(SCH2)2X](CO)4(dppv)(PMe3)]BF4 had appeared.  Upon warming to 0 
ºC, CO was released and [Fe2[(SCH2)2X](CO)3(dppv)(PMe3)]+ was regenerated.  For [3(CO)]+: 
IR (CH2Cl2, -78 ºC): CO = 2022 (s), 1983 (s,br).  -CO = 1791 (w,br).  For [2’(CO)]+:  IR 
(CH2Cl2, -78 ºC):  CO = 2030 (s), 1988 (s,br). -CO = 1797 (w,br). 
 
Typical Procedure for Hydrogenation of Fe2[(SCH2)X](CO)3(dppv)(PMe3)]BArF4.  
Due to the extreme air sensitivity of Hox models, hydrogenation experiments were set up in an 
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anaerobic glove box prior to pressurization.  Reactions were conducted in 10 mL glass 
scintillation vials inserted into a 45 mL stainless steel Parr bomb.  Prior to pressurizations, the 
gas inlet line was purged with the appropriate gas.  De-pressurizations were performed slowly 
(~50 psi/s) to prevent frothing of the solution.   
A ~10 mM solution of Fe2[(SCH2)X](CO)3(dppv)(PMe3)]BArF4 was generated as 
described above.  The reaction mixture was then sealed in a bomb and then pressurized.  In order 
to monitor reaction mixtures, the bomb was depressurized to ~25 psi, the locking mechanism 
was loosened (but not opened!), and the bomb was brought into the glove box where aliquots 
were withdrawn for analysis by IR spectroscopy.  Reaction progress could be visually assessed 
based: unreacted solutions were purple, partial reactions were black/brown, and complete (high 
yield of Fe2(-H)) reactions were red. 
 
X Pressure 
(psi) 
Gas Time 
(hr) 
Percent Yield 
of Fe2(-H) 
Figure 
NCH2C6H5 1800 H2 5 20% S6, S9, S11 
NCH2C6H5 1800 H2 13 55% S6, S9, S11 
NCH2C6H5 1800 H2 26 85% S6, S9, S11 
NCH2C6H5 1800 H2 42 83% S6, S9, S11 
NCH2C6H5 15 H2 96 36%  
NCH2C6H5 15 Ar 360 11% S17 
NH 1800 H2 5 23% S7, S12, S13, S14 
NH 1800 H2 26 30% S7, S12, S13, S14 
O 1800 H2 5 2% S8, S16 
O 1800 H2 26 1% S8, S16 
CH2 1800 H2 5 1% S5, S15 
CH2 1800 H2 26 3% S5, S15 
Table 2.3.  Compiled yields of hydrogenation reactions under various conditions with various substrates.  Yields 
were estimated by addition of known amounts of [Fe2(S2C2H4)(-H)(CO)4(PMe3)2]PF6 and integration of the 
hydride region of the 1H NMR spectrum. 
 
NMR spectral analysis of various hydrogenation experiments.  1H and 31P NMR analysis 
of reaction products was hindered by the presence of paramagnetic starting material and 
insoluble particles.  [Fe2[(SCH2)X](CO)3(dppv)(PMe3)]BArF4 decomposes in air to afford 
black/brown precipitates and unidentified solubles that do not contain hydrides in the 
hydride region of the 1H NMR spectrum.  [Fe2(-H)[(SCH2)X](CO)3(dppv)(PMe3)]BArF4 
is soluble. 
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The following work-up was performed aerobically.  After the reaction was complete, the 
solution was passed through a ~0.5 x 2 cm plug of Celite, washing with additional 
toluene, and the solvent was evaporated.  The residue was then extracted into CD2Cl2.  
Yields of hydride were quantified by integration of the high field 1H NMR signals of 
solutions treated with known amounts (typically ~3 mg) of [Fe2(-
H)(S2C2H4)(CO)4(PMe3)2]PF6. 
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Figure 2.17.  Left:  500 MHz 1H NMR spectrum of products obtained after treatment of [2’]BArF4 with 1800 psi 
H2 for 26 h. 
Right:  Highfield 1H NMR spectrum of the same reaction mixture after addition of the internal standard [Fe2(-
H)(S2C2H4)(CO)4(PMe3)2]PF6.  This image was generated with the progam MestReC Lite in order to explicitly show 
utilization of the integration procedure. 
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Figure 2.18.  202 MHz 31P NMR spectrum of products obtained after treatment of [2’]BArF4 with 1800 psi H2 for 
26 h.  31P NMR (CD2Cl2):   93 (t, dppv, JP-P = 7 Hz), 92 (d, J = 6 Hz, dppv), 88 (d, JP-P = 6 Hz, dppv), 87 (s, dppv), 
81 (s, dppv), 26 (s, PMe3), 24 (s, PMe3), 24 (s, PMe3), 21 (s, PMe3).  The peak at ~26 ppm is unknown; it is also 
present when 2’ is protonated, and there is not an obvious hydride signal in the 1H NMR that it corresponds to. 
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Figure 2.19.  Left: Highfield region of 1H NMR spectrum showing the major hydride-containing product from 
[2]BArF4, 1800 psi H2 for 26 h ( -13.59 (ddd (q), Fe-H, JPH = 21, 21, 21 Hz), -14.27 (ddd (td), Fe-H, JPH = 23, 23, 3 
Hz), 14.36 (ddd (td), Fe-H, JPH = 23, 23, 6 Hz)).  The identity of the signal at -18.6 is unknown. 
Right:  Highfield region of 1H NMR spectrum of the same reaction mixture, with zoomed-in views o.  The insets 
show expanded spectra to highlight unknown hydride impurities.  These signals integrated to less than 1% of the 
total yield vs the standard (-17.6 ppm).  The peak at ~-3 ppm is [Fe(H)(dppv)2(CO)]+, but the other peaks are 
unknown. 
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Figure 2.20.  1H NMR spectrum of [1]BArF4 (left) and [3]BArF4 (right) after treatment with 1800 psi H2 for 26 h.  
Notice the small amount of [1(-H)]+ and [3(-H)]+, respectively, versus the standard at -17.6 ppm.  The identity of 
the doublet at -16.9 ppm is unknown, however it is observed in the hydrogenations of all 
[Fe2[(SCH2)X](CO)3(dppv)(PMe3)]+ (X = CH2, NH, NCH2C6H5, O, and always in <1% yield). 
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Controls and Isotopic labeling Experiments. 
Unless otherwise indicated, experiments were conducted on solutions in J. Young NMR tube. 
Control Verifying Nonreactivity of [Fe2[(SCH2)2NBn](-H)(CO)3(PMe3)(dppv)]+ toward 
D2O.  A solution of [2’(-H)]BArF4 was generated by the distillation of 1 mL of CD2Cl2 into a 
mixture of 0.005 g of 2’ and 0.006 g of [H(OEt2)2]BArF4.  The solution was allowed to 
equilibrate at 20 ºC for 24 h.  The 1H NMR spectrum indicate the presence of [2’(-H)]+.  At this 
point, 0.1 mL of deoxygenated D2O was added.  After 3 days, the 1H NMR spectrum of the 
mixture was unaffected, and the ESI mass spectrum indicated the presence of only [2’(-H)]+. 
Control Verifying Absence of H-D Exchange:  On to a mixture of 0.004 g (0.005 mmol) of 2’ 
and 0.006 g (0.005 mmol) of FcBArF4 was distilled 0.7 mL of d8-toluene and then ~0.1 mL of 
D2O.  The tube was pressurized to 1 atm H2 and then flame-sealed.  After storage in the dark for 
96 h, no HD was detected in the 1H NMR spectrum.  The yield of [2’(-H]]+ was measured to 
36% versus the standard [Fe2(S2C2H4)(-H)(CO)4(PMe3)2]PF6. 
Decomposition of [2’]BArF4:  A 10 mM solution of [2’]BArF4 in toluene was stored in the dark 
for 15 days at which point it was worked up in the usual manner by filtration through Celite.  1H 
NMR analysis vs added the standard indicated that [2’(-H)]BArF4 formed in an 11% yield.  
Aliquots of the solution were withdrawn for IR monitoring (Figure S17). 
2100 1950 1800
7 days
1 day
 
 
cm-1
5 min
 
Figure 2.21.  IR spectrum (toluene) of [2’]BArF4 immediately (top) after synthesis, after 1 day (middle), and after 1 
week (bottom). 
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Decomposition of [2’]BArF4 in the Presence of D2O:  To a 10 mM (5 mL) solution of 
[2’]BArF4 in toluene was added 0.1 mL of deoxygenated D2O.  The reaction vessel was sealed, 
vigorously stirred, and stored in the dark for 15 h, at which point the brown/red solution 
contained a dark brown precipitate.  The mixture was filtered through celite, evaporated in 
vacuo, and finally extracted into CD2Cl2.  The ESI-MS spectrum indicated the presence of [2’(-
D)]+ (and not [2’(-H)]+). 
When the analogous experiment was performed with H2O added in place of D2O, the yield of 
[2’(-H)]+) was quantified to be 10% versus the added standard [Fe2(S2C2H4)(-
H)(CO)4(PMe3)2]PF6. 
Deuteration (D2) of [2’]BArF4.   A solution of 0.022 g of 2’ (0.03 mmol) in 1 mL of CH2Cl2 was 
added a solution of 0.030 g of FcBArF4 (0.03 mmol) in 1 mL of CH2Cl2 was treated with 1300 
psi of D2 for 48 h. 
Hydrogenation of [2’]BArF4 in the Presence of D2O:  To a mixture of 0.012 g of 2’ (0.01 
mmol) and 0.015 g (0.01 mmol) FcBArF4 was added 2 mL of toluene.  To the vigorously stirred 
mixture was added 0.1 mL of D2O.  The reaction mixture was pressurized to 2000 psi H2.  After 
15 h, the reaction mixture was filtered through celite and the supernatant was evaporated in 
vacuo. 
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Figure 2.22. ESI mass spectrum (1:100 CH2Cl2:MeOH) of reaction mixtures obtained from the treatment of 
[2’]BArF4 with 1300 psi D2 (top), protonation of 2’ with 1 equiv of H(OEt2)BArF4 (middle), and treatment of 
[2’]BArF4 with 2000 psi H2 in the presence of excess D2O.  The middle spectrum serves as a control and contains 
only natural abundance of [2’(-D)]BArF4, while the top spectrum is ~82% enriched and the bottom spectrum is 
~49% enriched. 
 
Percent enrichment calculation: 
The peak at M-2 (863.5 m/z) is assumed to be entirely composed of unenriched [2’(-H)]BArF4 
(although [2’(-D)]BArF4 is predicted to have a M-3 peak at this mass, its contribution is only 
~0.2%).  The ratio of the peaks in non-enriched [2’(-H)]BArF4 is known (row A, calculated 
from the raw peak intensities).  Since M-2 is entirely due to [2’(-H)]BArF4, it’s value can be 
multiplied by the appropriate rate (row A) to give the contribution of [2’(-H)]BArF4 to the 
partially enriched spectrum (row C).  The contribution from [2’(-H)]BArF4 is subtracted from 
the total peak intensities of the partially enriched spectrum (row B) to give the contribution of 
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[2’(-D)]BArF4 (row D).  By dividing the contribution of [2’(-D)]BArF4 (row D) by the total 
peak intensity (row B), the percent enrichment is obtained (row E). 
 
 
For hydrogenation in the presence of D2O: 
 M-2 M-1 M M+1 M+2 M+3 
A 1 0.4876 7.915 4.030 1.806 0.5434 
B 75824 190739 515023 1444011 710879 329426 
C 75824 36972 600147 305595 136938 41203 
D 0 153767 -85124 1138410 573941 288223 
E  80.6% -16.5% 78.8% 80.7% 87.5% 
 
A = normalized relative intensities of non-enriched [2’(-H)]BArF4 
B = peak intensities of enriched sample 
C = contribution of non-enriched species to partially-enriched spectrum (75824 * A) 
D = peak height due to [2’(-D)]BArF4 in the partially-enriched spectrum (B – C) 
E = percent enrichment ((D/B)*100) 
 
Average enrichment = (80.6 + 78.8 + 80.7 + 87.5)/4 = 82% [2’(-D)]BArF4 
*The enrichment value for M was discarded as an outlier (at this m/z the intensity of [2’(-
D)]BArF4 is very small in comparison to [2’(-H)]BArF4). 
 
For deuteration in the presence of adventitious H2O (in this case C = 1878361 * A): 
 M-2 M-1 M M+1 M+2 M+3 
A 1 0.4876 7.915 4.030 1.806 0.5434 
B 1878361 1672815 15482719 13582566 6503131 2475193 
C 1878361 915889 14867227 7570358 3392320 1020701 
D 0 756926 615492 6012208 3110811 1454492 
E  45.2% 3.9% 44.3% 47.8% 58.8% 
 
Average enrichment = (45.2 + 44.3 + 47.8 + 58.8)/4 = 49% [2’(-D)]BArF4 
*Again, M was discarded as an outlier. 
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Chapter 3:  Diiron Azadithiolate Complexes:  Redox, Acid-
Base Chemistry, and Amine Binding 
 
Introduction 
Dihydrogen activation by [FeFe]-hydrogenase models is exceptionally rare, requiring 
photolytic conditions or other biologically irrelevant conditions.1  Only recently were the first 
example of biomimetic dihydrogen activation reported, in which an Hox state model was 
converted into a Hred state model and that this reaction was quite slow.2  In order to improve 
upon previous models, we aim to determine the precise reason for slow reactivity and then 
modify our system accordingly.  Our first clue in this study was the observation that H2 binding 
is exceptionally weak to Hox models; an adduct has never been observed, and reduction of 
diferrous ammonium hydrides immediately releases H2 with no detectable intermediates.  Second, 
although our Hox models had reacted with H2, each molecule had in net only bound H·.  Third, 
although Hox and its models are formally FeI at their vacant sites, most examples of H2 activation 
in the literature utilize FeII.  In this Chapter an understanding of the consequences of these 
observations is sought, beginning by reviewing the basic hydrogen chemistry of Fe complexes.  
This background is relevant to the chemistry of our structural [FeFe]-models, whose reactivity 
towards the hydrogen reagents H+, H·, H-, and H2 will be studied.  The specific aim of this work 
is to gain an understanding of how and why the active site operates as it does.  Insights into 
model compounds’ lack of reactivity with H2 will be sought out, and improvements will be made 
if possible. 
In the literature, the stability of H2 complexes is highly dependent on the trans ligand.3  
On the basis of Lever parameters,4 d6 octahedral complexes of the type M(N2)L5 have been used 
as electronic probes for the stability of the corresponding H2 complexes.  This study found that 
complexes with a  donor trans to H2 and E1/2d5/d6 ≤ 1.7 V vs NHE are expected to form stable 
H2 complexes.  However, when the trans ligand is a -acceptor the threshold for a stable H2 
complex is E1/2d5/d6 ≤ 0.5 V.  Thus, H2 complexes with trans CO ligands require more strongly 
donating ancillary ligands to support them.  As mentioned in Chapter 1, E1/2 for the H-cluster (as 
a mononuclear ferrous H2 complex) is 1.72 units and so would not be expected to bind H2 
                                                 
 Portions of this Chapter are reproduced from the following publication with permission from 
the authors.  Olsen, M. T., Rauchfuss, T. B., Wilson, S. R.  J. Am. Chem. Soc., ASAP. 
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strongly.  Despite this study, stable H2 complexes with trans CO ligands and insufficient E1/2’s 
have been isolated.3  The complexes [Fe(H2)(diphos)2(CO)]2+ are exceptionally acidic and have 
pKa values that are less than −4.  This property makes their synthesis via protonation of the 
corresponding hydride quite difficult because the required strong acids induce protonolysis of the 
Fe-P bonds and release phosphoniums.  Similarly, these complexes are quite sensitive and 
require non-coordinating anions; BF4− and OTf− were observed to displace H2, while SbF6- did 
not (Figure 3.1).  Interestingly, NaBArF4 was unable to abstract Cl- from the precursor complex, 
a result that reinforces the strong -acceptor character of the [FeL4(CO)]2+ fragment.   
 
 
Figure 3.1.  Effect of counter ion on the stability of dication ferrous H2 complexes. 
 
When equipped with pendant amine bases, mononuclear ferrous hydride complexes 
display unique properties.  Oxidation of the ferrous hydride [Fe(H)((PEt2CH2)2NR)(dmpm)(L)]+ 
resulted in rapid intramolecular deprotonation by the pendant amine (Figure 3.2).5  This example 
of redox-triggered proton relayed may be relevant to the H-cluster’s electrocatalytic mechanism.   
 
Figure 3.2.  Redox-triggered proton relay in an Fe(PNP) hydride.  Notice that the oxidation state of the metal shifts 
from FeII to FeIII to FeI. 
  
 
Further studies on iron-centered proton relays were performed by protonating 
[Fe(H)((PEt2CH2)2NR)(dmpm)(L)]+ with one equivalent of acid, resulting in protonation of the 
free amine rather than the metal hydride.5  When the ligand trans to the hydride was MeCN, 
protonation only required the mild acid p-cyanoanilium (pKaCH3CN = 7.6), and when performed at 
-80 °C the product consists of two isomers in which the ammonium proton is aimed towards 
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(endo) or away from (exo) to the metal hydride.  Upon warming, only the endo-ammonium and 
metal hydride resonances in the 1H NMR spectrum had broadened due to intramolecular 
exchange.  This suggests that the orientation of the amine is of great importance in hydrogenase 
chemistry.  The barrier for this exchange is 12 kcal/mol and is assumed to occur via a H2 
complex intermediate (Figure 3.3).   
 
 
Figure 3.3.  Intramolecular hydrogen exchange, invoking a metal H2 complex as an intermediate.  Note that similar 
exchange is not observed when the trans ligand is CO.  For clarity, only the endo isomer of the ammonium is 
depicted. 
 
When the trans ligand is CO, protonation requires the strong acid [HOEt2]BF4 and the above 
exchange process is not observed.5  Using Lever paramters, the predicted E1/2 for the theoretical 
isomer in which protonation occurs at Fe-H rather than the amine (e.g. 
[Fe(H2)((PPh2CH2)2(NMe))(dppm)(CO)]2+) is 2.79, which is in agreement that such an H2 
complex would be very unstable and highly acidic.  Thus, such a complex would be expected to 
spontaneously cleave H2, yielding an ammonium hydride tautomer.  Importantly, the predicted 
E1/2’s for these complexes are very electron-poor compared to the H-cluster, differing in E1/2 by 
>1 V.   
Another significant factor in these complexes is the regiochemistry of the diphosphine 
ligands.  When two PNP ligands are coordinated to [Fe(H)(diphos)2(L)]+, the phosphines are cis 
to each other due to steric clashes of the substituents on the phosphines (Figure 3.4).6  However, 
when a small bite angle diphosphine is paired with a PNP, the two ligands are trans to each other.  
A result of the regiochemistry of the diphosphines is whether or not the hydride is trans to the 
non-phosphine ligand.  This has substantial stability and pKa consequences, and is less 
biomimetic in the case where L = CO.  For example, trans diphosphines lead to a stable 
ammonium hydride in the complex [Fe(H)((PEt2CH2)2NR)(dmpm)(MeCN)]+, whereas the cis 
diphosphine complex [Fe(H)((PEt2CH2)2NR)2(MeCN)]+ rapidly releases H2.7.  As in the 
                                                 
 For the calculation of E1/2, we approximate [(PPh2CH2)2(NMe)] with dmpe. 
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complexes above, this can be corrected by the use of small bite-angle diphosphines to relieve the 
steric interactions.  It is important to note that the majority of the work on Fe PNP compounds 
was performed in coordinating solvent (MeCN or acetone). This may have substantial 
implications on the stability of the H2 complexes. 
 
Figure 3.4.  Effect of phosphine bite-angle on geometry of octahedral FeII bis(diphosphine) complexes.  A major 
consequence of this is the positioning of ancillary ligands cis or trans to the hydride ligand, which can make the 
hydride substantially more basic. 
 
The hydrogen chemistry of mononuclear Fe complexes containing biologically relevant 
ligands, sulfide and cyanide, has been explored to some degree.  Several ferrous bissulfide 
carbonyls of the formula Fe(SR)2(CO)2(PR3)2 have been reported.  Studies related to hydrogen 
chemistry are absent save for one report; Fe(S2C6H4)(CO)2(PMe3)2 acts as an electrocatalyst for 
proton reduction although the proposed metal hydride intermediates were not studied beyond 
computations.8  In contrast, the hydrogen chemistry of ferrous cyanide hydride complexes has 
been studied.  In the neutral complexes Fe(diphos)2(H)(CN), protonation can occur either at the 
hydride or the cyanide ligand, depending the phosphine substituents (Figure 3.5).  More basic 
phosphines favor hydride protonation and form stable H2 complexes, whereas less basic 
phosphines favor cyanide protonation.9  Complexes of the type [Fe(CN)2(H)(CO)(dppv)]- 
protonate only at the hydride ligand.  The resulting H2 complexes are unstable towards rapid 
polymerization reactions that involve release of H2 and formation of Fe-CN-Fe bonds (Figure 
3.5).  When coordinating solvents are used, the polymer is broken up to form the solvento 
complex monomers.10   
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Figure 3.5.  Effects of metal and ligand basicity on the protonation of ferrous diphosphine cyanide complexes. 
 
Several examples of mononuclear ferrous complexes simultaneously containing thiolates, 
cyanide, and carbon monoxide ligands11 are known, but their chemistry with hydrogen is 
unexplored.  A unique example that closely resembles the monoiron components of [NiFe] and 
[FeFe] hydrogenase is [Fe(bdt)(CN)2(CO)]2-.  This unsaturated 16e- species reversibly binds CO, 
although no data on H2-adduct formation are reported. 
Correlations between the mononuclear complexes described above and [FeFe]-
hydrogenase structural models are complicated by the relative instability of terminal hydrides.  
Protonation of Fe2(SR)2(CO)6-n(L)n generally affords bridging hydrides, not the terminal 
hydrides.  Bridging hydrides are not operational in [FeFe]-hydrogenase and are generally less 
basic than terminal hydrides.12  In some cases, protonation initially occurs terminally but 
isomerization is always rapid and substantially thermodynamically favored.13, 14  When the 
azadithiolate ligand is used in place of traditional dithiolates, protonation becomes more complex;  
protonation always occurs initially at the pendant amine, but the events to follow are dependent 
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on the basicity of Fe.2, 15, 16  The poorly basic hexacarbonyl complex Fe2(adt)(CO)6 protonates to 
afford a stable ammonium.  However, for the bis and tris substituted compounds  
Fe2(adt)(CO)6-n(L)n the ammoniums isomerize via a first order pathway to the corresponding 
bridging hydrides.  This isomerization process is presumed to occur though the intermediacy of 
an unobserved terminal hydride (Figure 3.6). 2, 17  
 
Figure 3.6.  Regiochemistry of protonation of tri- and tetrasubstituted diiron azadithiolato carbonyl complexes.2, 15 
 
In contrast to the less-basic mono-, di, and trisubstituted compounds discussed above, 
tetrasubstituted diiron dithiolates form spectroscopically detectable terminal hydrides (Figure 
3.6).  When the dithiolate contains a pendant amine, protonation is rapid with mild acids due to 
the ability of the amine to act as a proton relay.  The terminal hydride and ammonium tautomers 
of this complex coexist in comparable amounts in CH2Cl2 solution (Scheme 1).15    This 
thermally unstable terminal hydride can be further protonated at low temperatures to afford an 
ammonium hydride.  Exchange between the ammonium and hydride is not observed, which has 
precedence in mononuclear complexes when the hydride is trans to CO.  Protonation of a 
diferrous hydride that results in H-H bond formation has only been observed once; protonation of 
[Fe2(S2C2H4)(t-H)(CO)2(PMe3)4]+ with [H(OEt2)2]BArF4 in MeCN immediately releases H2 and 
affords the solvento complex.12  Also relevant is the observation that [Fe2[(SCH2)(NH2)](t-
H)(CO)2(dppv)2]2+ does not protonate when treated with strong acids, but is proposed to release 
H2 when treated with MeCN.14  When similar experiments are performed in CH2Cl2, metal 
hydride protonation is not observed.  In net, these compiled data suggest that diiron dithiolate 
carbonyl phosphine compounds are insufficiently basic to support stable H2 complexes and in the 
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most extreme cases can utilize exogenous donors (e.g. MeCN) to displace the stored H2 
equivalent. 
 An alternative route to H2 complex synthesis is the treatment of electronically and 
coordinatively unsaturated complexes with H2.  This route is obviously more relevant to the 
activation or H2, which may result in H2 complexes or H2 derived products (e.g. ammonium 
hydrides).  Ideally, the metals should be d6, low spin, and 16e-.18  Thus, FeIFeI 34e- dimers must 
be oxidized.  As discussed in Chapter 1, complexes of the form [Fe2(SR)2(CO)6-n(L)n]2+  that 
contain a vacant coordination site are rare19, 20.  Rauchfuss et al. reported the first example as 
[Fe2(S2C3H6)(CO)4(PMe3)2]2+, although the existence of this compound is doubtful because the 
employed oxidant, Fc+, is insufficiently strong to oxidize the monocation 
[Fe2(S2C3H6)(CO)4(PMe3)2]+.19, 21  A more likely explanation is that the complex actually 
contains a coordinated nitrile ligand, the free form of which is a common impurity in the solvent 
MeNO2.  The second example was reported by us recently, in which Fe2(S2C2H4)(CO)2(dppv)2 
was treated with two equivalents of [AcFc]BF4 in CH2Cl2.20  The IR spectrum of the thermally 
unstable dication [Fe2(S2C2H4)(CO)2(dppv)2]2+ was isostructural with Hox models, although 
reactivity with H2 was not described.  Similar compounds have been studied computationally by 
De Gioia and coworkers22 who have proposed that the structure of the differrous model 
compounds depends on the ligand set (Figure 3.7).  For compounds of the formula 
[Fe2(S2C3H6)(CN)2(CO)(L/X)]0/-1, when an X-type ligand (anionic, often a -donor) is present, 
the compounds are isostructural with Hox models, featuring a -CO ligand and a vacant site on a 
single Fe.  When an L-type ligand (neutral, moderate or weak donor) is present, the Fe-Fe 
distance is lengthened from ~2.5 to ~2.8 Å and an agostic interaction is observed between the 
central methylene of the propanedithiolate ligand, and a single Fe.  Although these models lack 
the biologically relevant azadithiolate cofactor, these structural trends may provide useful lessons 
with other model compounds. 
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Figure 3.7.  Structures of ‘naked’ (32e-) diferrous dimers as computationally determined by De Gioia and coworkers. 
 
 
 
Results and Discusssion 
 
Reinvestigation of [Fe2(S2C2H4)(CO)2(L)2]2+.  These studies were initiated with a 
reinvestigation of the complex [Fe2(S2C2H4)(CO)2(dppv)2](BF4)2 which is reported to exist as a 
monomer based on IR spectroscopy.20  However, when Fe2(S2C2H4)(CO)2(dppv)2 is treated with 
two equivalents of AcFcBF4 in CD2Cl2 at -80 °C, the 31P NMR indicated the presence of several 
species (Figure 3.8).  Two major species and two minor species were identified, all of which 
were unsymmetrical.  Potential identities of these species include adducts of BF4-, CH2Cl2, and 
adventitious water.  Despite the complexity of this mixture, treatment with 1 atm CO cleanly 
afforded a single isomer of the adduct [Fe2(S2C2H4)(CO)3(dppv)2]2+ which was previously 
reported. 
 
                                                 
 These experiments suffered from some degree of irreproducibility; in some experiments the complex mixture of 
“[Fe2(S2C2H4)(CO)2(dppv)2]2+” contained ~50% of the known CO-adduct [Fe2(S2C2H4)(CO)3(dppv)2]2+ prior to 
treatment with CO, suggesting release and scavenging of CO by some species in solution.  Regardless, treatment of 
these mixtures with CO always resulted in conversion to [Fe2(S2C2H4)(CO)3(dppv)2]2+ as the only detectable product. 
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Figure 3.8.  202 MHz 31P{1H} NMR spectrum (CD2Cl2, -80 C) of Fe2(S2C2H4)(CO)2(dppv)2 following treatment 
with two equivalents of AcFcBF4 (top) and after treatment with 1atm of CO for 45 min (bottom).  The bottom 
spectrum matches that of the unsymmetrical isomer [Fe2(S2C2H4)(CO)3(dppv)2]2+.20 
 
When “[Fe2(S2C2H4)(CO)2(dppv)2]2+” was treated with H2 at -80 °C, no reaction was 
observed.  The dication is either insufficiently basic to bind H2 or H2 binding is out-competed by 
other ligands such as BF4- and adventitious water.  In an effort to assist H2 activation, the bulky 
base 2,6-di-tBu-pyridine was added to the reaction mixture, which resulted in consumption of all 
starting materials.  However, no metal-hydride containing products were observed in the 1H 
NMR spectrum.  It was confirmed that a reaction occurs between the base and dication in the 
absence of H2.  In contrast to the lack of reactivity with H2, treatment of the 
“[Fe2(S2C2H4)(CO)2(dppv)2]2+” with PhSiH3 and 2,6-di-tBu-pyridine at -78 °C followed by 
warming to 20 °C afforded the hydride [Fe2(S2C2H4)(-H)(CO)2(dppv)2]+.  Similar reactivity 
was also observed for the dication [Fe2[(SCH2)2(O)](CO)2(dppv)2]2+.   
 
Synthesis and Characterization of Diferrous 3-Azadithiolato Complexes.  Based on the 
results discussed above which provide no evidence of H2 activation, synthesis and reactivity 
studies of diferrous complexes containing pendant amine bases were performed.  On a 
preparative scale and consistent with ample precedent,23-25 oxidation of 
Fe2[(SCH2)2X](CO)3(dppv)(PMe3) with Fc+ was found to yield the mixed valence FeIIFeI 
derivatives (“Hox models”), where X = CH2, NH, NBn, O, for 1, 2, 2’, 3, respectively (Bn = 
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CH2C6H5).2, 24  These cationic derivatives are stabilized by bulky arylborate counteranions, 
which are essential for the stabilization of the oxidized azadithiolates.2  The azadithiolates were 
found to undergo a second oxidation with FcBArF4, and in this way the dication [2’](BArF4)2 was 
generated (FcBArF4 = [Fe(C5H5)2]B(C6H3-3,5-(CF3)2)4).  The thermally sensitive dication was 
generated and initially characterized at -70 °C. 
In the IR spectrum the CO bands are shifted to higher energy by ~40 cm-1 from the position for 
[2’]+, and all three bands occur in the terminal carbonyl region (2066, 2008, and 1977 cm-1).  The 
31P NMR spectrum indicates that [2’](BArF4)2  is diamagnetic and Cs-symmetric.  Slight 
warming of the sample resulted in rapid consumption of [2’](BArF4)2 and the appearance of 
several unidentified species (Figure 3.9).   
75 50 25
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Figure 3.9.  202 MHz 31P{1H} NMR spectra (CD2Cl2) of [2’](BArF24)2 at -70 °C (top) after warming to -65 
°C (middle) and -60 °C (bottom).  31P{1H} NMR (CD2Cl2, -70 °C):  80.7 (s, dppv), 79.8 (d, dppv), 78.5 (s, dppv), 
74.1 (bs, dppv), 73.3 (s, dppv), 70.7 (s, dppv), 69.9 (bs, dppv), 68.9 (bs, dppv), 50.6 (s, PMe3), 33.4 (s, PMe3), 24.4 
(s, PMe3), 23.8 (d, PMe3), 21.2 (s, PMe3), 20.4 (bs, PMe3), 16.2 (bs, PMe3), 14.1 (bs, PMe3). 
 
These species are proposed to be isomers of [2’]2+ based on the following observations; first, 
cyclic voltammetry indicates that the 2’+/2+ couple is reversible even at slow scan rates at 20 °C 
(see Electrochemistry section).  Second, treatment of this complex mixture with PhSiH3 cleanly 
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afforded a single species, [2’(-H)]+ which has been reported (both experiments will be 
discussed in more detail below).  Third, when oxidant FcBF4 was employed, a spectroscopically 
distinct compound was observed.  Unlike [2’](BArF4)2, the 31P NMR spectrum of [2’](BF4)2 
indicated an unsymmetrical compound; two dppv resonances were observed and the PMe3 
resonance was shifted ~20 ppm downfield (Figure 3.10).  This species also rapidly isomerized 
upon warming and was not pursue this further. 
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Figure 3.10.  Spectroscopic comparison of [2’](BArF24)2 (top) and [2’](BF4)2 (bottom). 
Left:  202 MHz 31P{1H} NMR spectra (CD2Cl2) at -70 °C.  The low resolution is due to limited solubility 
from low temperature sample preparation. 
Right:  IR spectra (CH2Cl2) at -70 °C. 
 
Treatment of [2’]2+ with excess PhSiH3 at -60 °C immediately consumed all isomers of 
[2’]2+ and afforded a mixture of products as indicated by 31P NMR (Eq 3.1).   In situ 31P and 1H 
NMR of the sample as it warmed showed the growth of several intermediates (Figure 3.11).  
First, two major (and several minor) intermediates are observed at -60 °C in which the dppv 
ligand is in the dibasal orientation and the PMe3 ligand is either apical or basal.  No metal 
hydride resonances are observed in the 1H NMR spectrum and these intermediates are proposed 
to be the silane complexes [2’(H3SiPh)]2+.  Upon warming to -40 °C, two major (and several 
minor) isomers are observed which feature apical-basal dppv ligands, bridging hydrides, and 
apical or basal PMe3 ligands.  The remained equivalent of “PhSiH2+” is proposed to be 
scavenged by adventitious water.  Finally, upon warming to 20 °C, clean conversion to the 
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known bridging hydride [2’(-H)]+ was observed.  This series of resonances is consistent with a 
mechanism in which the equivalent of hydride is delivered to the terminal apical site on the 
Fe(CO)(dppv) fragment, which then converts to the bridging hydride isomer with an apical-basal 
diphosphine, and finally isomerizes such that the diphosphine is in a dibasal orientation.  Upon 
equilibration at 20 °C for several days, additional isomers of the bridging hydride complex are 
observed (see Chapter 2). 
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Figure 3.11.  31P{1H} (left) and 1 
 
Eq 3.1. 
 
Treatment of a CD2Cl2 solution of [2’]2+ with MeCN was found to afford stable adducts, 
regardless of the counteranion, of the formula [2’(NCMe)]2+.  Although the BArF4- salts afforded 
tacky oils, the BF4- salts readily crystallized.  The crystallographic analysis of this salt revealed a 
diiron dithiolate as expected, but that unlike all previously reported azadithiolato complexes,26, 27 
the amine is coordinated to Fe (Figure 3.1).  The Fe---Fe distance of 3.447(2) Å is nonbonding, 
which is also uncommon.12, 19, 28  The two iron centers, which are still linked by a pair of 
thiolates, are each octahedral.  The coordination spheres of the Fe subsites are described as 
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Fe(CO)2(PMe3)(NCMe)(SR)2 and Fe(CO)(dppv)(amine)(SR)2.  The S-Fe-N angles are acute at 
~73º, but the other Fe-ligand bond lengths and angles are within the normal range (Table 3.1).   
 
 
Figure 3.12.  Structure of the dication in [2’(NCMe)](BF4)2. Thermal ellipsoids set at the 30% probability level and 
hydrogen atoms are not shown.   
 
Table 3.1.  Selected Bond Distances (Å) and Angles (°) for [2’(MeCN)](BF4)2. 
bond distance bonds angles 
Fe(1)-N(1) 2.098(8) N(1)-Fe(1)-S(2) 72.9(2) 
Fe(1)-Fe(2) 3.477(2) Fe(1)-S(2)-C(36) 80.9(3) 
Fe(1)-C(1) 1.753(11) Fe(2)-S(2)-C(36) 107.7(4) 
Fe(2)-N(2) 1.965(10) S(1)-Fe(1)-S(2) 80.97(11) 
Fe(1)-S(2) 2.336(3) S(1)-Fe(2)-S(2) 81.45(11) 
Fe(2)-S(2) 2.323(3) P(1)-Fe(1)-P(2) 87.24(12) 
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The solution properties of [2’(NCMe)]2+ were examined by variable temperature 31P 
NMR spectroscopy (Figure 3.13).  Dissolution of the crystalline [2’(NCMe)](BF4)2 at -70 °C 
gave a compound with the same spectroscopic signature as was obtained by addition of MeCN to 
a CD2Cl2 solution of [2’](BArF4)2 generated at -70 °C.  Over the course of ~24 h at 20 °C, this 
species isomerized to a second symmetrical isomer (two 31P NMR signals) (Figure 3.13).  These 
isomers differ with respect to the regiochemistry of the Fe(CO)2(PMe3)(MeCN) fragment 
(Eq 3.3). 
 
Eq 3.2 
 
73.8 73.2 72.6
 
 
100 75 50 25 0
 
ppm
22.4 21.6 20.8
 
 
 
Figure 3.13.  31P{1H} NMR spectra (CD2Cl2) of a fresh solution of [2’](BArF4)2 at -193 K (top), after treatment with 
CD3CN (middle), and after allowing the same solution to stand at 293 K for 48 h.  Signals at > 70 are assigned to 
dppv and those absorbing < 40 are assigned to PMe3.  The former signals are more indicative of symmetry and the 
latter signals are useful indicators of the number of isomers. 
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Solutions of [2’](BArF4)2 were found to rapidly and irreversibly form an adduct upon 
treatment with 1 atm of CO.  In contrast, monocation [2’]+ binds CO reversibly, and the adducts 
are only observable at low temperatures.2, 25  Solutions of [2’](BArF4)2 were found to be 
unreactive towards H2 at 20 °C.  However, treatment with 1800 psi H2 for 30 hr resulted in ~48% 
conversion to the monoprotonated species [2’(-H)]+.  This process apparently induces ~50% 
fragmentation of the bimetallic core; ~17% of the mononuclear complex [Fe(H)(CO)3(dppv)]+ 
was detected, as well as ~10 % of the phosphonium [HPMe3]+, and an insoluble black material 
that is speculated to contain “Fe(adt)” (Eq 3.2).29<Sowa, 1992 #10448> 
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Eq 3.3 
 
Electrochemical Properties of Diiron Dithiolates.  Diiron dithiolates of the formula 
Fe2[(SCH2)2X](CO)3(dppv)(PMe3) undergo a reversible 1e- oxidation (E1) for X = CH2, NH, 
NCH2C6H5, NtBu, and O (for 1, 2, 2’, 2#, 3; see Figure 3.14, eq 5.3, and Table 3.2).  This 
oxidation  generates the Hox models discussed above.  For 2’ the ratios of the oxidation and 
reduction currents (ipc/ipa) are >0.9 at a scan rate of 0.100 V/s in non-coordinating solvents 
(CH2Cl2).   The linear dependence of ip on (scan rate)0.5 also indicates a diffusion-controlled 
process.  These oxidation potentials are dependent on the steric bulk of the dithiolate ligand; 
bulkier substituents destabilize the un-rotated ground state and make the oxidation potential more 
negative. 
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Eq 3.4 
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Figure 3.14.  Cyclic voltammograms of a CH2Cl2 solution of 1 (black) and 2’ (red) illustrative of the effect of the 
azadithiolate on the second anodic event.  Conditions: 0.001 M 2’, 0.300 M [(C4H9)4N]PF6, CH2Cl2, 20 °C, 0.1 V/s 
scan rate. 
 
Oxidations corresponding to the [Fe2(SR)2]+/2+ (FeIIFeI/FeIIFeII, E2) couple proved highly 
dependent on the dithiolate (Figure 3.14, Eq 5.3).  For the propane- and oxadithiolato compounds, 
but not the azadithiolates, a poorly reversible second oxidation is observed at 0.890±0.040 V 
more anodic than the [Fe2(SR)2]o/+ couple.  Interestingly, at slow scan rates (< 0.025 mV/s) this 
oxidation became reversible, although the nature of this is not well understood.  Unlike the 
amine-free derivatives, the [Fe2(SR)2]+/2+ couple for the azadithiolates 2 and 2’  is simplistic and 
occurs at a mild potential while displaying full reversibility.   
The electrochemical properties of the azadithiolates proved highly dependent on the 
substituent on the amine.  As seen in Figure 3.15, E (i.e. E2 – E1) for 2 is small (0.198 V), for 
2’ it is larger (0.515 V), and for 2# it is largest (0.879 V).  The increasing difficulty (more 
positive potential) of oxidation is correlated to the steric bulk of the amine.  Additionally, E 
increases with scan rate.  The anodic and cathodic waves of E2 become broadened as the amine 
substituent becomes bulkier.  Together these data are consistent with a square scheme 
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mechanism in which the corners of the square are linked either by separate electron transfer and 
chemical reaction steps, or by a concerted process that traverses the diagonal (Figure 3.15).  For 
2 and 2’, E2 is Nerstian (i.e. reversible) and so either the stepwise or concerted mechanism is 
consistent.  However, for 2# the separation of the anodic and cathodic waves makes the concerted 
mechanism inconsistent and the stepwise pathway more likely. 
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Figure 3.15.  Left:  Sqaure-scheme illustration of redox events (horizontal), chemical events (vertical), and coupled 
electrochemical events (diagonal) for diion azadithiolato carbonyl compounds. 
Right:  Cyclic voltammagrams 2 (top), 2’ (middle), and 2# (bottom).  Conditions:  CH2Cl2 solution, [Fe2] = 0.0015 
M, [[(C4H9)4N]PF6] = 0.1 M, 0.1 V/s scan rate, 20 °C. 
  
When non-coordinating [(C4H9)4N]BArF4 electrolyte was employed, E increased by 130 and 
177 mV for 2’ and 2 respectively.  This separation of electrochemical events is commonly 
observed in non-coordinating electrolytes,30 and the larger value of E for 2 versus 2’ is 
attributable to the ability of smaller fluoroanions such as PF6- to engage in hydrogen-bonding.31  
This effect is attenuated upon amine coordination, likely acidifying the amine proton. 
 Although the oxadithiolate ‘trisphosphine’ complex 3 was found to resemble the 
corresponding propanedithiolate complex, the oxadithiolate Fe2[(SCH2)O](CO)4(dppv) behaved 
differently.  The cyclic voltammagram of this complex contained two closely spaced reversible 
oxidations at -0.1 V and 0.08, respectively, quite similar to the azadithiolate complex 2.  That 
this behavior was not observed for 3 or the ‘tetraphosphine’ complex Fe2[(SCH2)O](CO)2(dppv)2 
is attributed to the enhanced electrophilicity of the tetracarbonyl complex.  It is proposed that 
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when the oxadithiolate complex is electron-deficient enough, oxidation producing an unsaturated 
32e− triggers coordination of the pendant ether. 
The electrochemical behavior of these diiron dithiolate is dependent on the concentration 
of potential donor ligands such as MeCN.  In CH2Cl2 solutions containing small amounts MeCN 
([MeCN] = 0.080 M, [Fe2] = 0.0015 M), only E2 is significantly affected (Figure 3.16).  Upon 
addition of MeCN to CH2Cl2 solutions of 2’, E2 becomes irreversible and two closely spaced 
cathodic waves are observed at -0.80 and -0.90 V; in contrast, E1 only becomes slightly less 
reversible.  The strong effect of MeCN is consistent with the formation of the adduct 
[2’(MeCN)]2+ due to the reaction of this ligand with [2’]2+.  The in situ generated [2’(MeCN)]2+ 
is proposed to be reduced in two closely-spaced one electron and irreversible electrochemical 
events.  In order to further study this reduction and confirm the formation of the adduct, the 
cyclic voltammagram of isolated [2’(MeCN)]2+  was examined (Figure 3.16).  Indeed, cyclic 
voltammagrams of solutions of [2’(MeCN)]2+ display irreversible reductions, as well as a 
reversible oxidation that is only observed subsequent to the reductions.  This oxidation overlaps 
with E1 observed for 2’ and so these data are consistent with a reduction-induced dissociation of 
the MeCN ligand and regeneration of the parent compound 2’. 
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Figure 3.16.  Left:  Cyclic voltammograms of a CH2Cl2 solution of 2’ in pure CH2Cl2 (red) and in CH2Cl2 
containing 0.08 M MeCN (black).  Notice that upon addition of MeCN, E2 becomes fully irreversible and a cathodic 
wave is observed at -0.9 V.  Conditions: 0.001 M 2’, 0.300 M [(C4H9)4N]PF6, CH2Cl2, 20 °C, 0.1 V/s scan rate. 
Right:  Cyclic voltammagram of [2’(MeCN)]2+ in CH2Cl2 solution.  Conditions: 0.001 M [Fe2], 0.300 mM 
[(C4H9)4N]BArF24, CH2Cl2, 20 °C, 0.5 V/s scan rate, referenced to Fc0/+.  Notice that the electrochemical properties 
of [2’(MeCN)]2+ are similar in CH2Cl2, however the first oxidation event is now reversible. 
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When the concentration of the donor ligand MeCN is very high (neat MeCN), both E1 
and E2 are greatly affected (Figure 3.17).  The voltammagram of 2’ in MeCN contained two 
irreversible anodic waves followed by two irreversible anodic waves at much more negative 
potentials.  The potential of E1 is similar to that in CH2Cl2 solution, however the potential of E2 
is significantly less positive.  This is consistent with the rapid binding of [2’]+ by MeCN, 
resulting in [2’(MeCN)]+ which is more electron-rich and easier to oxidize.  The irreversibility of 
E2 is proposed to arise from intramolecular amine binding in the incipient [Fe2(2-
adtBn)(CO)3(dppv)(PMe3)]2+; a process that requires dissociation of MeCN, amine binding, and 
re-association of MeCN.  Proof of the formation of [2’(MeCN)]2+ is provided by the cathodic 
waves observed on the return scan at ~-0.8 and -0.9 V.  These waves match those observed in 
solutions of isolated [2’(MeCN)]2+ (Figure 3.17). 
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Figure 3.17.  Cyclic voltammagram of [2’(MeCN)]2+ (top) and 2’ (bottom) in MeCN solution.  Conditions: 0.001 M 
[Fe2], 0.100 mM [(C4H9)4N]BArF24, CH2Cl2, 20 °C, 0.1 V/s scan rate, referenced to Fc0/+.  Notice that upon 
reduction of [2’(MeCN)]2+, 2’ is observed on the return scan.  Additionally, notice that upon oxidation of 2’, 
[2’(MeCN)]2+ is observed on the return scan. 
 
The effect of donor solvents on the electrochemical properties of diiron dithiolates is 
simplified when the dithiolate is does not contain a potential donor ligand.  Similar to 2’, the 
cyclic voltammagram of 1 in MeCN displays two cathodic waves that are closely spaced (Figure 
3.18).  However, unlike 2’ these waves are fully reversible.  In the absence of an amine, these 
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data are consistent with a simple mechanism in which reversible MeCN binding is triggered by 
oxidation of [1]+ (eq 3.4).   
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Figure 3.18.  CV of 1 in MeCN solution.  Conditions:  [Fe2] = 0.0015 M, [[(C4H9)4N]PF6] = 0.100 M, 273 K, 0.1 
V/s. 
 
 
Eq 3.5 
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Table 3.2.  Half-wave Potentials (V) for the [Fe2(SR)2]0/+ and [Fe2(SR)2]+/2+ Couples of 
Fe2[(SCH2)2X](CO)3(dppv)(PMe3).  Conditions: 1 mM diiron complex, 100 mM [Bu4N]PF6, CH2Cl2 Solution, vs 
Fc0/+, 0.1 V/s scan rate.  Under our experimental conditions, an internal standard of Fc (1 mM) displayed Ep ≈ 0.1 
V.  The ipa/ipa values for E1 were recorded under conditions where the scan range did not extend to E2. 
Dithiolate Electrolyte E1 for 
[Fe2(SR)2]0/+
(Ep, V) 
[ipc /ipa] 
E2 for 
[Fe2(SR)2]+/2+ 
(Ep) 
[ipc / ipa] 
E2 – E1  
(SCH2)2NBn  (2’) [(C4H9)4N]PF6 -0.643 
(0.12) 
[>0.9] 
-0.128 
(0.15) 
[>0.9] 
0.515 
(SCH2)2NBn  (2’) [(C4H9)4N]BArF4 -0.715 
(0.11) 
[0.9] 
-0.070 
(0.22) 
[0.7]b 
0.645 
(SCH2)2NtBu [(C4H9)4N]PF6 -0.610 
(0.09) 
[>0.9] 
0.269 
(0.39) 
[0.2] 
0.879 
(SCH2)2NtBu [(C4H9)4N]BArF4 -0.677 
(0.09) 
[>0.9] 
0.555 
(0.430) 
[0.2] 
1.232 
(SCH2)2NH  (2) [(C4H9)4N]PF6 -0.561 
(0.10) 
not 
determineda 
-0.363 
(0.10) 
not 
determineda 
0.198 
(SCH2)2NH  (2) [(C4H9)4N]BArF4 -0.624 
(0.08) 
[>0.9] 
-0.249 
(0.18) 
[0.1]b 
0.375 
(SCH2)2CH2  (1) [(C4H9)4N]PF6 -0.609 
(0.13) 
[>0.9] 
0.356 
(0.16) 
[0.2] 
0.965 
(S2C2H4) [(C4H9)4N]PF6 -0.469 
(0.12) 
[>0.9] 
0.345 
(0.14) 
[0.5] 
0.930 
(SCH2)2O  (3) [(C4H9)4N]PF6 -0.528 
(0.14) 
[>0.9] 
0.353 
(0.23) 
[0.1] 
0.840 
[(SCH2)2NBn(H)]+ 
([H2’]+) 
[(C4H9)4N]PF6 Ep/2 = 0.040 
(irrev.) 
--- --- 
[(SCH2)2NH2]+  ([H2]+) [(C4H9)4N]PF6 Ep/2 = 0.050 
(irrev.) 
--- --- 
aThe close separation of the two oxidation steps precludes accurate measurement of this current 
ratio. 
bAt fast scan rates the cathodic return wave of E2 becomes broadened making the ipc/ipa value an 
inaccurate representation of reversibility.  At slow scan rates E2 is fully reversible. 
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The electrochemical differences between the diiron azadithiolate and non-azadithiolate 
complexes discussed in this Chapter is clearly explained by the cyclic voltammetry in MeCN.  
Significant differences are not observed until the compound is oxidized to the diferrous state.  At 
this point, if available a ligand will immediately bind to the unsaturated core.  Surprisingly, the 
diferrous azadithiolate complexes are capable of binding two ligands; first the internal amine, 
and second and exogenous ligand.  This trend is not observed in the propanedithiolate complex, 
where one equivalent of MeCN is bound.32  A potential explanation for this reactivity if that 
upon amine coordination, the azadithiolate complex [2’]2+ becomes strained due to the formation 
of four member rings (Fe-S-C-N), and that this strain is relieve by elongation of the Fe-Fe 
distance.  This would make the Fe(CO)2(PMe3) particularly exposed to attack by additional 
ligands. 
Acid-Base Reactions.  The pKa CH2Cl2 values of the ammonium compounds [H2’]+ and 
[H2]+ were measured as 3.3 and 3.2, respectively, by titration of 2’ and 2 with [HPMe2Ph]BF4 
(pKaCD2Cl2 = 5.7).33  The pKaCH3CN value for [H2’]+ was determined to be 13.1 by titration with 
ClCH2CO2H (pKaCH3CN = 15.3).34  This large difference in pKa has been observed in other diiron 
dithiolato ammoniums,35; although the basicity of the free amine is decreased by anomeric 
donation into the S-C * orbital,26 this effect is diminished when the metal-thiolate scaffold is 
made electron-rich.  The corresponding pKa of [H2’]2+ cannot directly be determined because 
[2’]+ undergoes disproportionation upon treatment with acids, even in solution at -78 °C.  The 
product mixture consists of equal amounts of the reduced ammonium species [H2’]+ and the 
dication [2’]2+ (Eq 3.5, Figure 3.19). 
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Eq 3.6 
  
 
The proton-induced disproportionation of [2’]+ (Eq 3.5) is driven by the strong oxidizing ability 
of [H2’]2+.  The requirement of 0.5 equiv of acid for the reaction in eq 2 was confirmed.  
Furthermore, >0.5 equiv H(OEt2)2BArF4 was found not to affect the product distribution at 
−78 °C, a result consistent with the low basicity of [2’]2+, wherein the amine is coordinated to Fe.  
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In contrast to this behavior, mixed-valence Fe(I)Fe(II) complexes lacking azadithiolates are 
unreactive towards acid.  For example, a CH2Cl2 solution of 
[Fe2(S2C3H6)(CO)3(dppv)(PMe3)]BArF4 was unaffected by treatment with H(OEt2)2BArF4 at 
20 °C.   
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Figure 3.19.  IR spectra (CH2Cl2 solution) for [2’]+ (top), the products of its reaction with 0.5 equiv of 
H(OEt2)2BArF4 (middle top), [2’](BArF24)2 (middle bottom), [H2’]+ generated by protonation of 2’ with 
H(OEt2)2BArF24 (bottom). Component IR bands (CH2Cl2) are [2’]+:  2017, 1965, 1867 cm-1; [2’]2+: 2065, 2009, 1977;  
[H2’]+: 1960, 1925, 1898 cm-1. 
 
Together with the pKa for [H2]+, E1/2 for the [H2]+/2+ couple would allow us to calculate the 
acidity of the mixed valence ammonium compound, i.e. pKa for [H2]2+.  The [H2]+/2+ couple is 
irreversible, thus precluding accurate determination of E1/2.  Nonetheless, estimating E1/2 as the 
potential of the anodic wave at half-height would indicate that 1e- oxidation of [H2]+ decreases 
the basicity of the amine by as much as 109 (CH2Cl2 solution, Scheme 2).   
 
2’  +  H+      [H2’]+   G = 1.37(pKaCD2Cl2) = -4.5 kcal/mol 
[H2’]+      [H2’]2+  +  e-   G = 23.06(-0.04 V) = -0.9 kcal/mol 
[2’]+  +  e-      2’    G = 23.06(E1/2) = 13.8 kcal/mol 
_______________________________________________________ 
[2’]+  +  H+      [H2’]2+ G =  8.4 kcal/mol = -1.37(pKaCD2Cl2) 
                                                                    pKaCD2Cl2 = -6.1  
 
Figure 3.20.  Bordwell calculation at 20 °C of the pKaCD2Cl2 of [H2’]2+ assuming E1/2 of the  [H2’]+/2+ couple as 
0.04 V. 
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 Ligand-Induced Degradation of Mixed-valence Complexes.  These Hox models were 
found to undergo complex redox reactions in the presence of additional ligands.  In this way, the 
mixed-valence complex [2’]+ was slowly degraded in the presence of MeCN to afford 
diamagnetic complexes (Figure 3.21).  The IR spectrum of this reaction mixture indicated the 
presence of 2’ as well as other unidentified products.  The 31P NMR spectrum of this mixture 
indicated the presence of [2’(MeCN)]2+ as well as several other species; however, these results 
were complicated by the repeated observation that complex 2’ was not detected in the 31P NMR.  
This is attributed to exchange between 2’ with unreacted [2’]+.  In order to avoid complications 
due to unreacted paramagnetic starting materials, the putative exchange reaction was explored 
with a more strongly binding ligand.   
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Figure 3.21.  Spectroscopic analysis of [2’]BArF4 after treatment with MeCN. 
Left:  31P{1H} NMR spectrum (CD2Cl2, 20 °C).  Notice that the major products present are the isomers of 
[2’(MeCN)](BArF4)2; isomer A (red circle) and isomer B (blue square).  The neutral 2’ is not observed in this 
spectrum because of exchange with unreacted [2’](BArF4). 
Right:  IR spectra (CH2Cl2, 20 °C) of the reaction mixture (bottom), [2’]+ prior to further reaction (middle), and 
pre-isolated 2’ (top).  
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Figure 3.22.  Spectroscopic analysis of [2’]BArF4 after treatment with [(C4H9)4CN]. 
Left:  202 MHz 31P{1H} NMR spectrum (CD2Cl2, 20 °C) of [2’]BArF4 after the addition of one equiv of 
[(C4H9)4N]CN.  Notice that a significant amount of 2’ (orange diamonds) has been generated.  Integration of 2’ 
versus all other peaks was 1:1.08.   
Right:  IR spectrum (CH2Cl2) [2’]BArF4 after the addition of one equiv of [(C4H9)4N]CN (bottom).  Notice that 
[2’]BArF4 (middle) has been consumed and 2’ (top) has been generated.  The bottom IR spectrum was been 
magnified x2 to more clearly accentuate the presence of 2’. 
 
 
Upon treatment with 0.5 equivalents of [(C4H9)4N]CN, [2’]+ was completely consumed 
and ~0.5 equiv of 2’ was generated as observed by IR and 31P NMR (Figure 3.22).  A cyanide-
containing complex was generated (CN = 2116 cm-1) and is assigned to be [2’(CN)]+.  With 
these observations in mind, it is proposed that a component of the degradation process may 
involve the redox disproportionation depicted in eq 5.6.  In this reaction, the mixed valence 
ligand adduct is a strong reductant that can reduce unreacted [2’]+.  However, the multitude of 
products observed in these reactions suggest that other unknown decomposition mechanisms are 
occurring, although they were not pursued. 
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Eq 3.7 
      
 
H-Atom Transfer Reactions.  The electron-rich N-protonated azadithiolato complexes 
were found to serve as H-atom donors.  Thus, treatment of [H2’]+ with one equiv of 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO), an H-atom abstraction agent,36 immediately and 
quantitatively yielded [2’]+ at 293 °C (Eq 3.7, Figure 3.23).  This reaction is conveniently 
monitored by IR spectroscopy in the CO region. 
 
 
Eq 3.8 
 
Our attempts to study this reaction under pseudo-first order conditions were prevented by 
side-reactions.  First, the use of multiple equivalents of TEMPO proved problematic due to the 
reaction of TEMPO with the reaction product, [2’]+.  This side reaction becomes competitive at 
room temperature under the experiment concentrations used (~0.03 M).  Second, reactions at 
room temperature occurred too quickly to be measured by our spectrometer (fastest acquisition 
time = 2s).  Third, in an attempt to circumvent this side reaction, experiments were performed at 
low temperatures (199-229 K).  However, when the reaction was monitored by in-situ IR 
spectroscopy at low temperatures, a transient build-up of 2’ was detected.  This species results 
from the reversible deprotonation of [H2’]+ by TEMPOH, the product of eq 5.37  It was 
independently confirmed that this deprotonation occurred immediately (within 2s) under these 
conditions.  
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Figure 3.23.  In situ IR spectra monitoring the reaction of [H2’]+ with a large excess of TEMPO (0.030M [H2’]+, 
0.9 M TEMPO) at 210 K. 
Left:  3D landscape of compiled IR spectra throughout the course of the reaction.  Notice that the growth an 
intermediate is difficult to visually distinguish.  
Right:  Plot of concentration vs. time after data work-up with ConCIRT.  Notice that the growth of [2’]+ (blue) is 
more rapid than the growth of 2’ (red), and that growth of 2’ stops when all of [H2’]+ (black) has been consumed.  
 
 Fortunately the reaction is simplified at low temperatures and low concentrations of 
TEMPO.  Under these conditions, [2’]+ and 2’ appeared at equal rates and eventually formed a 
1:1 mixture.  This experimental observation can be explained as follows.  The rate for the reverse 
reaction of [H2’]+ and TEMPOH is slow at these conditions, making the deprotonation of [H2’]+ 
by TEMPOH effectively irreversible.  Thus, [2’]+ is generated but never consumed.  Further, 
because the HAT reaction generates TEMPOH, the concentration of 2’ can at most equal that of 
[2’]+.  Finally, because the rate constant for the deprotonation by TEMPOH greatly exceeds the 
HAT reaction rate constant (k2 >> k1), the rate of appearance of these two products is identical 
and the concentrations of [2’]+ and 2’ are always equal (Figure 3.24). 
 
Figure 3.24.  Schematic description of reaction sequence proposed for the reaction of [H2’]+ with TEMPO.  
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In order to determine k1, the data were simulated using the software Kintecus.38  At 199 K, the 
rate constant for disappearance of [H2’]+ is 8.13 x 10-3 s-1M-1.  By measuring the temperature 
dependence of the rate constant over the range 199–229 K, it was determined that H‡ = 6.5 
kcal/mol and S‡ = -0.035 kcal/mol·K.  In comparison, the secondary ammonium [H2]+ was 
observed to react with TEMPO faster than [H2’]+ under similar conditions: the reaction was 
complete in minutes vs ~1 h for the Bn derivative at 199 K.   
The minimum barriers for the discrete redox and acid base reactions that connect [H2’]+ 
to [2’]+ were estimated based on the pKCD2Cl2 and E1/2 values of 2’, TEMPO, and related species 
(Scheme 2).  Redox potentials of TEMPO were measured in CH2Cl2 solution, and pKCD2Cl2 values 
were estimated from the corresponding pKaMeCN values using the relation 
pKaMeCN = 1.85pKCD2Cl2 + 1.6.33  The thermodynamic barrier towards initial ET (53.9 kcal/mol) is 
prohibitively uphill and is an unlikely pathway for this process.  However, the thermodynamic 
barrier at  293 K for initial PT (15.3 kcal/mol) is slightly lower than the kinetic barrier towards 
HAT (16.8 kcal/mol), suggesting that at this temperature PT may in fact be preferred.  At 
lowered temperatures the barrier towards concerted HAT lowers by ~3 kcal/mol, making it more 
competitive with proton transfer.  The effect of temperature on the thermodynamic barriers 
towards ET and PT was not explored and represent potentially significant unknowns.  The net 
change in energy for the two independently measure pathways (ET followed by PT and vice 
versa), were within 1.2 kcal/mol of each other, offering an internal confirmation of the accuracy 
of the calculations. 
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Fe2(adtBn)+ + TEMPOH
Fe2(adtBnH)2+, TEMPO-
TEMPOH+, Fe2(adtBn)
Electron Transfer
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Proton Transfer:
G293 = 15.3 kcal/mol
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Proton Transfer:
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G
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G
293 ‡= 16.8 kcal/mol
 
Figure 3.25.  Energetics of redox and acid-base behavior of 2’.  The pathways along the sides of the square 
represent discrete proton and electron transfer pathways.  The diagonal pathway represents a concerted proton 
coupled electron transfer mechanism.  
 
Hydrogen-atom transfer reactions were also studied with the terminal hydrides 
[HFe2[(SCH2)2NR](CO)2(dppv)2]+ and [HFe2[(S2C3H6)(CO)2(dppv)2]+.15  In CH2Cl2 solution, 
both species were found to react (t1/2 ≈  10 min, –199 K) with TEMPO to give the corresponding 
mixed-valence Fe(II)Fe(I) derivatives.20  The IR signatures for the diferrous hydride starting 
materials and mixed valence products overlap, thus these oxidations were conducted under an 
atmosphere of CO, which rapidly affords the CO adducts that display distinctive IR signatures.20  
Because the consumption of both the azadithiolate and propanedithiolate complexes were 
approximately equal, it is likely that they operate by the same mechanism.  In other words, the 
azadithiolate terminal hydride does not react via an ammonium tautomer. 
 
Conclusions 
 The hydrogenases function by coupling or combining acid-base and redox properties.  
The present study examined the interplay of these properties in a diiron model that contains both 
a base and a redox center.  Three unusual findings are reported: 
(i) The mildness and reversibility of the FeIIFeI/FeIIFeII couple in models containing the amine 
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cofactor arises from the formation of an Fe-N bond*.39, 40  Our measurements suggest that 
coordination of the amine stabilizes the diferrous state by ~11 kcal/mol as indicated by 
EFeIIFeI/FeIIFeII. 
(ii) The FeIFeI ammonium center serves as an efficient H-atom donor, with concomitant Fe-
centered redox.  This finding demonstrates the ability of hydrogenase models and, by implication, 
the enzyme to participate in PCET. 
(iii) The basicity of the amine is highly sensitive to the oxidation state of the underlying diiron 
centers.  The behavior of the mixed valence ammonium centers in models and in proteins may be 
quite different owing to the effects of site isolation provided by the protein. 
The [FeFe]-hydrogenases are characterized by reduced and oxidized states, respectively 
Hred and Hox that differ by 1e-.  In terms of enzyme mechanism, the reduced state activates 
protons and the oxidized state activates H2.  The exact identity of the diiron portion in the 
reduced state remains uncertain, but it is likely either a diferrous hydride or a disubferrous 
ammonium.  These two species are tautomers that would be readily interconverted.15  As 
demonstrated in this work, Hred and Hox are separated formally as well as operationally by H..   
Our measurements bear on the mechanism for activation of H2.  In the heterolytic 
pathway which is assumed for all hydrogenases,18 H2 is a source of H-.  The hydride is invariably 
bound to Fe(II), and the proton is usually bound to an organic base.  The summation of the 
hydride acceptor strength of Hox models and the proton acceptor strength (i.e. derived from pKa) 
of the resultant mixed-valence hydride allow for an estimation of the free energy change upon 
activation of H2.  In this analysis, the initial product of H2 cleavage, an FeIFeII ammonium 
hydride, is a critical and high energy intermediate.  Although a large activation barrier towards 
this intermediate is the reason for slow reactivity, knowledge of this intermediate and its relative 
energy may approximate the transition state that precedes it. 
Our thermochemical calculations predict that the heterolytic cleavage of H2 by the Hox 
model [2’]+ is endergonic by 6 kcal/mol.  The activation of H2 by [2’]+ and likely all Hox models 
is endergonic and thus represents an unfavorable equilibrium.  However, the incipient [H2’(t-
H)]+ can be trapped by oxidation which is quite exergonic (Figure 3.26).  In theory, the high 
                                                 
* In the absence of the amine, 32e- diferrous dithiolates, e.g. analogues of 
[Fe2(S2C3H6)(CO)3(dppv)(PMe3)]2+, are predicted to be stabilized by agostic interactions with 
the central methylene of the dithiolate.  We expect that amine binding would be stronger than an 
agostic interaction, thus stabilizing this oxidation. 
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energy intermediate [H2’(t-H)]+ could be dodged by oxidation to generate [2’(2-adt)]2+.  The 
oxidation potential for this electrochemical process is estimated based on E2 of the 
propanedithiolate 1, in which amine binding is not a factor.  However, [2’(2-adt)]2+ is unstable 
towards amine binding which rapidly quenches the frustrated Lewis pair, generates [2’(3-adt)]2+ 
and precludes H2 activation.   
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Figure 3.26.  Calculated relative free energies (vs Fc0/+) for various redox and hydrogenated states of 
[Fe2[(SCH2)2NR](CO)3(dppv)(PMe3)]+.  The scheme indicates that mixed-valence diiron compounds are unable to 
add H2 unless coupled to oxidation and acid-base reactions. 
 
Although the above calculations provide a useful description of the hydrogenation of Hox 
models, they are only semi-quantitive because some of the thermochemical values had to be 
estimated.  Although the hydride acceptor abilities of [2’]+ and [2’]2+ can be fairly accurately 
determined, the proton acceptor ability of [2’(t-H)]0 is based on its pKa which is experimentally 
very difficult to measure due to its instability towards H2 loss.  Instead, this pKa was estimated 
based on a thermochemical cycle which itself required estimations (see Experimental), and 
ultimately relied on the measurement of an irreversible wave in the cyclic voltammagram.  
Irreversible waves do not provide accurate measures of half-wave potentials.41 
A more quantitative assessment of the properties of our models can be made by 
abandoning the measurements of the pKa of [2’(t-H)]0 and instead utilizing an external base in a 
thought experiment (Figure 3.27).  In this route, details on the intermediate [H2’(t-H)]+ are lost, 
but an accurate description of the overall reaction with H2 (following deprotonation) is gained.  
 95
Based on hydride acceptor abilities alone, the binding of hydride to Fe(II)Fe(I) complexes is far 
less favorable than to Fe(II)Fe(II) derivatives (Figure 6).  The hydride acceptor strength of [2’]+, 
-48 kcal/mol, is insufficient to compensate for the energy required for the heterolysis of H2.  
Thus H2 activation by  [2’]+ is predicted to be unfavorable, even when coupled to the 
neutralization of the proton by a moderately strong base.  The hydride acceptor strength of the 
diferrous center, e.g., [2’]2+ (assuming 2-adt), -88 kcal/mol, is sufficiently exergonic that H2 
heterolysis is favorable.   
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Figure 3.27.  Free energy changes (vs E(Fc0/+) = 0 V) for the hydrogenation of mixed-valence and diferrous 
dithiolato complexes using data obtained for [Fe2[(SCH2)2NR](CO)3(dppv)(PMe3)]n (n = +, 2+).  The calculation 
assumes that the proton binds to a base of pKaMeCN = 10.  
 
Table 3.3.  Estimated Affinities of [2’]+ for H+, H., and H- (kcal/mol) in MeCN Solution (20 °C). 
G(H+) G(H.) G(H-) 
15 -59 -51 
 
 
Although both sets of measurements point to the importance of an ‘over-oxidized’ state, 
no biophysical evidence exists for an unsaturated diferrous state in the enzyme.  It is proposed 
that  Nature avoids this state because it would be unstable with respect to coordination of the 
amine.  The 2e- change required for exergonic H2 activation could instead proceed via a PCET 
pathway,42 avoiding formation of the Lewis acidic diferrous state.  In this scenario, the appended 
4Fe-4S cluster is poised to provide the oxidizing equivalent (Eq 3.8).  PCET has recently been 
proposed for other hydrogen redox reactions.43 
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Eq 3.9 
 
The relevance of PCET pathways is reinforced by the facile transfer of H. from the ammonium 
and hydride tautomers of the diiron dithiolates, [Fe2[(SCH2)2NHR)](CO)3(dppv)(PMe3)]+ and 
[HFe2(SR)2(CO)2(dppv)2]+, respectively.  
The 3-aminodithiolate ligand may be relevant to recent observations on the [FeFe]-
hydrogenases.  Upon being oxidized at ~0 V (vs SHE), the enzyme from D. desulfuricans 
reversibly deactivates to a state that is protected against oxidative (aerobic) damage.44, 45  It is 
assumed that this protection is provided by a ligand that occupies the apical site on the distal Fe.  
Although this blocking ligand might be water or hydroxide,44, 46 the amine could also serve this 
protective role.  To the best of our knowledge, there are no reports that have addressed the 
feasibility of Fe-N bond formation within the enzyme or whether the cavity in which the H-
cluster resides could accommodate an elongation of the Fe-Fe distance.  Although the Fe-Fe 
distance is observed to increase by ~1 Å in [2’(MeCN)]2+ relative to standard Hox models,24, 25 
this may simply be to accommodate the size of the exogenous ligand, MeCN.  Other unsaturated 
diferrous complexes show Fe-Fe distance elongation of only ~0.3 Å.39 
 
Materials and Methods 
Synthetic methods for Fe2[(SCH2)2(NBn)(CO)3(dppv)(PMe3)] have been recently 
described.2  In situ IR measurements employed a React-IR 4000 (Mettler-Toledo).  Compounds 
232, 2’,2 FcBArF4,47 and H(OEt2)2BArF448 were prepared as previously reported.  2,2,6,6-
Tetramethylpiperidine 1-oxyl (TEMPO) and Cp*2Co were purchased from Sigma Aldrich and 
sublimed before use.  Rate constants were obtained by simulation of experimental data using the 
program Kintecus.38 
Fe2[(SCH2)2(O)](CO)2(dppv)2.  A solution of 0.266 g of Fe2[(SCH2)2O](CO)4(dppv) 
(0.37 mmol) and 0.160 g of dppv (0.40 mmol) in 75 mL of toluene was photolyzed with a 100 W 
UV immersion lamp, max = 356 nm (Spectroline), until the IR spectrum showed complete 
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consumption of the starting material (~20 hours). The solution was dried in vacuo, redissolved in 
5 mL of CH2Cl2 and precipitated upon addition of 40 mL of hexanes. This process was repeated 
twice or until the filtrate was clear, yielding a dark green powder. Yield: 0.201g (51.5%). 1H 
NMR (500 MHz, CD2Cl2, 20 ºC ):  8.02 (m, 4H, C2H2P), 7.9 – 7.1 (m, 40H, C2H2P), 2.86 (2, 
(SCH2)2O, 4H). 31P{1H} NMR (202 MHz, CD2Cl2, 20 ºC):  91.6 (s). IR (CH2Cl2): CO = 1891, 
1871 cm-1. Anal. Calcd for C56H48Fe2O3P4S2 (found): C, 62.94 (63.00); H, 4.53 (4.43). 
Protonation of [Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)]BArF4.  To a solution of 0.025 g 
(0.029 mmol) of 2’ in 5 mL of CH2Cl2 was added a solution of 0.030 g (0.029 mmol) FcBArF24 
in 5 mL of CH2Cl2.  The resulting purple solution was thermally equilibrated in an acetone/CO2 
bath for 10 min..  A solution of 0.014 g (0.015 mmol) H(OEt2)2BArF4 in 2 mL of CH2Cl2 was 
added to the reaction mixture.  The solution immediately became orange in color and the IR 
spectrum indicated the presence of only [2’](BArF4)2 and [H2’]BArF4 (see Figure 4).  The 
presence of [H2’]+ was confirmed by allowing it to isomerize to its -H counterpart.  Upon 
warming to 20 °C, the reaction mixture was filtered through Celite, and the high-field 1H NMR 
spectrum (CD2Cl2) confirmed the presence of [2’(-H)]+.  Under analogous conditions, a 
solution of [1]BArF4 in CH2Cl2 was shown by IR spectroscopy to be unaffected by the addition 
of  H(OEt2)2BArF4, even after warming to 25 °C.   
[Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)](BArF4)2.  Into a J.Young NMR tube containing 
0.010 g (0.012 mmol) of 2’ and 0.025 g (0.023 mmol) of FcBArF4, immersed in liquid N2, was 
distilled 1 mL of CD2Cl2.  The frozen mixture was thawed in a acetone/CO2 bath and mixed, 
with care not to let the contents leave the cold bath.  The tube was then quickly inserted into a 
spectrometer probe pre-cooled to -70 °C.  Several hundred scans were necessary for a well-
resolved spectrum.  31P{1H} NMR (CD2Cl2, -70 °C):  77.0 (s, dppv), 44.1 (s, PMe3). 
[Fe2[(SCH2)NBn](CO)3(dppv)(PMe3)(CD3CN)](BArF4)2.  A solution of [2’](BArF24)2 
in CD2Cl2 was generated in a J. Young NMR tube as described above.  The solution was frozen, 
re-evacuated, and onto it was distilled 0.1 mL of CD3CN.  The tube was thawed in an 
acetone/CO2 bath and re-inserted into the probe, which was pre-cooled to -70 °C.  31P{1H} NMR 
(CD2Cl2, -70 °C):  73.5 (d, dppv, JP-P = 11 Hz, isomer A), 73.0 (s, dppv, isomer A), 20.8 (d, J = 
11 Hz, PMe3, isomer A).  Chemical shifts vary slightly from the isolated complex due to change 
in counterion (BF4- vs BArF4-).  ESI-MS: m/z 432.9 ([Fe2[(SCH2)2(NBn)(CO)3(dppv)(PMe3)]2+), 
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454.9, 619.4 ([FeCl(CO)2(dppv)(PMe3)]+), ([Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)(CD3CN)]2+), 
900.7 ([Fe2[(SCH2)2NBn]Cl(CO)3(dppv)(PMe3)]+).  
Fe2[(SCH2)2NBn](CO)4(dppv)(PMe3)](BArF4)2 ([2’CO](BArF4)2). A solution of 
[2’](BArF4)2 in CD2Cl2 was generated in a J. Young valve NMR tube as described above.  The 
solution was frozen, re-evacuated, and pressurized with 1 atm of CO.  The tube was thawed in an 
acetone/CO2 bath and then slowly warmed to 20 °C.  31P{1H} NMR (CD2Cl2, 20 °C):  68.4 (m, 
dppv), 68.2 (m, dppv), 15.7 (d, J = 11 Hz, PMe3).  ESI-MS: m/z  446.9 
([Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)(CO)]2+), 619.4 ([FeCl(CO)2(dppv)(PMe3)]+), 900.7 
([Fe2[(SCH2)2NBn]Cl(CO)3(dppv)(PMe3)]+). 
Treatment of [2’]+ with CN-.  A solution of [2’]+ generated as above was treated with a 
solution of 0.004 g ( [N(C4H9)4]CN in 1 mL of CH2Cl2.  The mixture reddened, and the IR 
spectrum indicated the formation of 2’ and other products.  The mixture was extracted into 1 mL 
of CD2Cl2 and filtered through Celite.  IR (CH2Cl2, cm-1): CN = 2116, CO = 2047, 2003, 1956 
(2’), 1899 (2’  31P{1H} NMR (CD2Cl2):  94.6 (s, dppv, 2’), 78.7 (s, dppv), 73.7 (m, dppv), 
73.3 (s, dppv), 73.0 (d, J = 18, dppv), 24.9 (s, PMe3), 24.3(s, PMe3), 21.79 (m, PMe3), 21.4 (s, 
PMe3, 2’), 19.5 (s, PMe3). 
Treatment of [2’](BArF4)2 with PhSiH3.  A mixture of 0.050 g (0.058 mmol) 
[2’](BArF24)2 and 0.121 g (0.116 mmol) FcBArF24 was cooled in an acetone/CO2 bath, and to it 
was added 2 mL of CH2Cl2.  In situ IR spectra indicated the presence of [2’](BArF24)2.  IR 
(CH2Cl2): 2066, 2008, 1977.  To this mixture was added 0.2 mL of PhSiH3.  After ~30 min, the 
[2’](BArF4)2 had been consumed.  After warming to 20 °C, the sample was found to be 
spectroscopically (31P{1H}, 1H, IR, ESI-MS) identical to [Fe2(-
H)[(SCH2)2NBn](CO)3(dppv)(PMe3)(CO)]BArF4.2 
Oxidation of [Fe2[(SCH2)2N(H)R](CO)3(dppv)(PMe3)]BArF4 with TEMPO (R = H, 
Bn).  A solution of [2’H]BArF4 was generated at -78 °C by the addition of 0.8 mL of CH2Cl2 to a 
mixture of 0.023 g (0.027 mmol) of 2’ and 0.027 g (0.027 mmol) of H(OEt2)2BArF4.  Treatment 
of this solution with 0.103 g (0.66 mmol) of TEMPO gave [2’]+.  Similar spectra were obtained 
using [2H]+ in place of [2’H]+.  It was independently confirmed by IR spectroscopy that [2’H]+ 
was fully deprotonated by 1 equiv of TEMPOH, the organic product of the H-atom transfer 
reaction (see eq 3).  In a related experiment, it was found that exposure of a solution of 
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TEMPOH and [2’H]+ to air rapidly gave [2]+.  Precautions were taken to avoid this facile aerobic 
oxidation pathway. 
[Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)(MeCN)](BF4)2.  Obtaining single crystals of 
salts derived from [2’]2+ proved challenging.  Various counterions (BF4-, SbF6-, BArF4-, and 
BPh4-) and various solvent combinations (slow diffusion at -30 °C of hexanes, Et2O, or toluene 
into CH2Cl2 solutions of the respective salts of [2’]2+) all afforded amorphous tacky solids.  We 
thus turned to the adduct, [2’(MeCN)]2+.  To a Schlenk tube containing a mixture of 0.050g (0.06 
mmol) 2’ and 0.032 g (0.12 mmol) of FcBF4, cooled to -78 °C, was added 8 mL of CH2Cl2.  The 
solution was stirred vigorously for 5 min, and then 0.1 mL of MeCN was added.  Stirring was 
stopped, and 40 mL of hexane was carefully layered on top of the reaction mixture and allowed 
to diffuse at -30 °C.  After ~4 days, red crystals had formed.  The supernatant was filtered off to 
remove ferrocene and then the crystalline solid was scrapped from the flask.  Finally, this 
material was dried en vacuo, extracted into 5 mL of CH2Cl2, filtered through Celite, and 
precipitated as an orange-colored powder upon the addition of 20 mL of hexanes.  IR (CH2Cl2, 
cm-1): CO = 2065, 2042, 2001, 1974.  31P{1H}  NMR (CD2Cl2, 20 °C):  73.0 (s, dppv, isomer 
A), 72.9 (d, dppv, JP-P = 13 Hz, isomer A), 21.3 (d, J = 13 Hz, PMe3, isomer A.  31P{1H} NMR 
(CD2Cl2, 48 h at 20 °C):  79.9 (s, dppv, isomer B), 25.8 (s, PMe3, isomer B).  MS ESI:  m/z = 
453.2 ([Fe2[(SCH2)2NBn](CO)3(dppv)(PMe3)(MeCN)]2+).  The dppv P-Fe-P coupling is not 
resolved (J<5 Hz), instead the dppv signal is broadened (FWHH = 14 Hz).  Anal. Calcd (Found) 
for C43H45B2F8Fe2N2O3P3S2: C, 47.81 (47.09); H, 4.20 (4.41); N, 2.59 (2.40). 
Single crystals were obtained from 8 mL of CH2Cl2 solution of 7 mM [2’](BF4)2, which 
was generated at -78 °C as described above and then treated with 5 drops of MeCN.  The 
solution was then layered with 50 mL of hexane and stored at –30 °C.  After 1 week, several red 
crystals had appeared.  Alternatively, a 7 mM solution of [2’]BF4 was treated with 1 drop of 
MeCN and then layered with 50 mL of hexane.  After 1 week, a single cluster of red crystals had 
formed and were separated from the dark brown solution.  
 Crystallography.  Structure was phased by dual space methods. Systematic conditions 
suggested the ambiguous space group P1-.  The space group choice was confirmed by successful 
convergence of the full-matrix least-squares refinement on F2.  The highest peak in the final 
difference Fourier map was located 2.6 Å from the nearest aromatic H atom.  This residual 
density located in a void suggests the possibility of a partially occupied water solvate.  The final 
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map had no other significant features.  A final analysis of variance between observed and 
calculated structure factors showed no dependence on amplitude or resolution.  The proposed 
model includes two disordered positions for phenyl ring C20-25 of the host cation and two 
disordered positions for one of two CH2Cl2 solvate molecules.  Phenyl rings were refined as rigid, 
idealized groups.  A common geometry was imposed on the disordered CH2Cl2 solvates using 
effective standard deviations of 0.01 and 0.02 Å for bond lengths and bond angles, respectively.  
Rigid-bond restraints (esd 0.01) were imposed on displacement parameters for all disordered 
sites and similar displacement amplitudes (esd 0.01) were imposed on disordered sites 
overlapping by less than the sum of van der Waals radii.  Methyl H atom positions were 
optimized by rotation about R-C bonds with idealized C-H, R-H and H---H distances.  
Remaining H atoms were included as riding idealized contributors.  Methyl H atom U's were 
assigned as 1.5 times Ueq of the carrier atom; remaining H atom U's were assigned as 1.2 times 
carrier Ueq.  
 Electrochemistry.  Cyclic voltammetry experiments were carried out in a ~10 mL 
scintillation vial inside of an anaerobic dry glove box. The working electrode was a glassy 
carbon disk (0.3 cm in diameter), the pseudo-reference electrode an Ag wire, and the counter 
electrode a Pt wire.  Under our experimental conditions (CH2Cl2 solution), it was generally 
observed that Ep was ~0.12 V for the [Fe2]0/+ couple, whereas an equimolar internal standard of 
Fc displayed Ep as ~0.1 V.  All potentials were referenced versus the 0.001 M internal Fc 
standard. 
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Thermochemical Calculations. 
General Comments on Thermodynamics and Solvent Effects.  Throughout the 
literature, MeCN is the solvent of choice for the thermodynamic analysis of metal 
hydrogen chemistry.49  This is primarily a consequence of limited availability of the 
thermochemical parameters for the heterolysis of H2, which is available in MeCN (as 
well as H2O and DMSO).50  Thus, electrochemical measurements were performed in 
MeCN, and pKa values were estimated based on known values in MeCN. 
However, these solvents are incompatible with Hox models because of degradation 
reactions that occur in the presence of such coordinating solvents.  Thus, all other direct 
studies of Hox models were enabled by the use of the non-coordinating solvent CH2Cl2. 
 
A.  Estimation of Hydride Acceptor Strengths for the Monocation [2’]+: 
1)  Fe2(adtBn)+ + e-      Fe2(adtBn)  G = -23.06(-0.565) = 13.0 kcal/mol 
2)  Fe2(adtBn) + H+      Fe2(adtBnH)+  G = -1.37(13.1) = -17.9 kcal/mol 
3)  Fe2(adtBnH)+     (t-H)Fe2(adtBn)+  G =  2 kcal/mol 
4)  HFe2(adtBn)+  +  e-      HFe2(adtBn) G = -23.06(-1.389) = 32.0 kcal/mol 
5)  H-     H+  +  2e-    G = -79.6 kcal/mol                             
6)  Fe2(adtBn)+  +  H-      HFe2(adtBn)  G = -50.5 kcal/mol 
 
Comments: 
eq 1): For [2’]0/+ couple, E1/2 = -0.565 V.  Conditions: 1mM [2’], MeCN soln., 100 
mM [Bu4N]PF6, 20 °C. 
eq 2): The pKaMeCN([H2’]+) was measured as 13.1 (see below) which compares well 
with the pKa’s of other diiron ammoniums in MeCN solution; the pKaMeCN of  
[Fe2[(SCH2)2NHMe](CO)6]+ and [Fe2[(SCH2)2NH2](CO)4(PMe3)2]+ of 8.14 and 10.15, 
respectively.  It is estimated that the pKaMeCN of [H2]+ is comparable to [H2’]+, which 
is reasonable because previously reported pKa differences for tertiary and secondary 
diiron ammoniums are small.51  
eq 3): The terminal hydride tautomers of [2’H]+ and [2H]+, respectively [H2’]+ and 
[H2]+, are not detected in the –80 °C 1H and 31P{1H} NMR spectra of the ammonium 
compounds, indicating that K > 30 (conservative detection limit for 1H NMR spectra).   
eq 4): The redox couples for the terminal hydrides [t-H2’]0/+ (which are not 
observable), are estimated from E1/2 for [-H2’]0/+ and [-H2]0/+ (Figure XXX), 
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which in MeCN solution are -1.50.  The difference between E1/2[t-H2’]0/+ and E1/2[-
H2’]0/+ is provided by the difference between E1/2 for [t-HFe2(pdt)(CO)2(dppv)2]+/0 and 
E1/2 for [-HFe2(pdt)(CO)2(dppv)2]+/0, which is 0.200 V.2  The potential of E1/2 for the 
[2(-H)]+/0 couple is -1.589 V.  It is therefore estimated that of the terminal hydride is 
0.2 V milder, i.e. -1.389 V. 
 
-1.25 -1.50 -1.75 -2.00
0
8
16
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A
)
E (V)
 
Figure 3.28.  CV of [2’(-H)]+ in MeCN solution at 0.025, 0.050, 0.100, and 0.200 V/s.  
Conditions:  [Fe2] = 0.0015 M, [[(C4H9)4N]PF6] = 0.100 M, 273 K.  
 
 
eq 5): This value has been reported for MeCN solution.50 
 
B.  Estimation of Hydride Acceptor Strengths for the dication [2’]2+: 
7)  Fe2(2-adtBn)2+  +  e-      Fe2(2-adtBn)+G = -23.06(0.356) = -8.2 kcal/mol 
1)  Fe2(adtBn)+ + e-      Fe2(adtBn)  G = -23.06(-0.565) = 13.0 kcal/mol 
2)  Fe2(adtBn)  +  H+      Fe2(adtBnH)+ G = -1.37(13.1) = -17.9 kcal/mol 
3)  Fe2(adtBnH)+      HFe2(adtBn)+ G =  2 kcal/mol 
5)  H-      H+  +  2 e-   G = -79.6 kcal/mol                             
8)  Fe2(adtBn)2+  +  H-      HFe2(adtBn)G =  -90.7 kcal/mol 
 
Notes: 
eq 1,2,3,4,5):  see section A above.  
eq 7):  The 1+/2+ redox potential is used as an approximation of the 2’+/2+ potential in 
the absence of amine binding.  Using E1/2(1+/2+) allows us to approximate the hydride 
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acceptor strength at a terminal site (which would otherwise be occupied by amine in 
the 3-adt complex).  Because the 1+/2+ couple is complicated (see Electrochemistry 
section below) by MeCN, the values in CH2Cl2 were used as approximations. 
 
C.  Dihydrogen Acceptor Strength for [2’]+: 
 
6)  Fe2(adtBn)+ + H-    HFe2(adtBn)    GH-  =  -50.5 kcal/mol 
9)  HFe2(adtBn) + H+      HFe2(adtNBnH)+   G =  -1.37(15) =  -20 kcal/mol 
10)  H2      H+  +  H-      G =  76 kcal/mol50 
11)  Fe2(adtBn)+  +  H2    HFe2(adtBnH)+   GH2 =  5.6 kcal/mol 
 
eq 6):  The hydride acceptor strength from calculation C. 
eq 9):  This pKa value has been estimated based on the following thermochemical 
cycle: 
 
4)    HFe2(adtBn)     HFe2(adtNBn)+  +  e-      G =  23.06(-1.3) =  -30 kcal/mol 
12)  HFe2(adtNBn)+  +  H+   HFe2(adtNBnH)2+  G =  -1.37(5.0) =  -6.9 kcal/mol 
13)  HFe2(adtNBnH)2+  + e-  HFe2(adtNBnH)+   G = -23.06(-0.73)= 17 kcal/mol 
9)    HFe2(adtBn) + H+      HFe2(adtNBnH)+   G =  -20 kcal/mol 
G =  -1.37(pKaMeCN) =  -20 kcal/mol 
pKaMeCN =  15 
 
12):  The pKaMeCN of [HFe2(adtNBn)(CO)3(dppv)(PMe3)]+ is approximated from 
that reported for [(-H)Fe2(adtNBn)(CO)4(PMe3)2]+ whose pKaMeCN = 5.   
13):  The potential for the couple [HFe2(adtHNBn)(CO)3(dppv)(PMe3)]+/2+ is based 
on that of the corresponding -H species (-0.93 V) plus a 0.200 V (-0.93 + 0.200 
= -0.73) correction factor (see above).  This process corresponds to an irreversible 
reduction in the cyclic voltammagram, and cannot be accurately measure. 
 
Other steps relevant to the oxidation of H2 by [2’]+: 
 Oxidation of [H2’(H)]+: 
HFe2(adtBnH)+    HFe2(adtBnH)2+ + e-     G = 23.06(-0.73) = -16.8 kcal/mol   
 Fc+ +  e-                          Fc    G = 0 kcal/mol 
 HFe2(adtBnH)+ + Fc+    HFe2(adtBnH)2+ + Fc   G = -16.8 kcal/mol 
 
 Deprotonation of [H2’(H)]2+: 
 HFe2(adtBnH)2+    HFe2(adtBn)+  +  H+    G = 1.37(5) =  6.9 kcal/mol           
  B:  +  H+   BH+                        G = -1.37(12) = -16.4  kcal/mol       
  HFe2(adtBnH)2+ +  B:   HFe2(adtBn)+  +  BH+     G = -9.6  kcal/mol         
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  Oxidation of [2’]+: 
  Fe2(adtBn)+   Fe2(adtBn)2+  +  e-   G = 23.06 (-0.060) = -1.4 kcal/mol           
 Fc+ +  e-      Fc                                     G = 0 kcal/mol                 
 Fe2(adtBn)+ + Fc+    Fe2(adtBn)2+ + Fc                                G = -1.4 kcal/mol 
 
*Note that the potential of [2’]+/2+ could not be measured in MeCN solution 
because of the instability of both species in that solvent.  Instead, the CH2Cl2 
value was used as an approximation. 
 
D.  Oxidation of H2 coupled to deprotonation with an external base: 
For [2’]+: 
6)  Fe2(adtBn)+    +  H-      HFe2(adtBn)  G = -50.5 kcal/mol 
14)                           H2      H+  +  H-     G =  76 kcal/mol 
15) Base              +  H+     BaseH+   G =  -1.37(10) = -10.37 
16)  Fe2(adtBn)+  +  H2  +  Base    HFe2(adtBn)  +  BaseH+   G =  15.1 kcal/mol 
 
For [2’]2+: 
8)  Fe2(adtBn)2+  +  H-      HFe2(adtBn)  G =  -90.7 kcal/mol 
14)                              H2      H+  +  H-    G =  76 kcal/mol 
15) Base                 +  H+     BaseH+   G =  -1.37(10) = -10.37 
17)  Fe2(adtBn)+  +  H2  +  Base    HFe2(adtBn)  +  BaseH+   G =  -25.1 kcal/mol 
 
 
 E.  Hydrogen Atom Acceptor Strength for [2’]+:     
1)  Fe2(adtBn)+ +  e-      Fe2(adtBn)  G = -23.06(-0.565) = 13.0 kcal/mol 
2)  Fe2(adtBn)  +  H+      Fe2(adtBnH)+  G = -1.37(13.1) =  -15.1 kcal/mol 
12)  H.        H+  +  e-    G = -53.6 kcal/mol50 
13)  Fe2(adtBn)  +  H.      Fe2(adtBnH)+ G = -58.5 kcal/mol 
 
*Note that this value is calculated based on measurement in MeCN solutions, 
however the HAT reactions discussed in this Chapter are performed in CH2Cl2.  It is 
not currently possible to perform thermochemical calculations based on CH2Cl2 
measurements because eq 12 has not yet been reported in CH2Cl2 solution. 
 
pKa Measurements for 2 and 2’ 
 
The pKa values of 2 and 2’ were measured by titration against acids of known 
strength.  In CH2Cl2, the phosphonium acid [HPMe2Ph]BF4 (pKaCD2Cl2 = 5.7) was used.  
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Concentrations measured by the absorbances of non-overlapping peaks in the IR 
spectrum for 2 (1870 cm-1), [H2]BF4 (1975 cm-1), 2’ (1944 cm-1), and [H2’]BF4 (1920 
cm-1).  In MeCN, chloroacetic acid (pKaCH3CN = 15.3) was used. 
During the titration, the reaction mixture was cooled to -45 °C to prevent 
isomerization of the diiron ammoniums to the corresponding diiron bridging hydrides.  
Equilibration of the reaction mixture (which only involves protonation of organic bases) 
is assumed to be rapid.  Aliquots were withdrawn from the reaction mixture and injected 
into an IR spectroscopy cell where they briefly warmed to 20 °C before spectra were 
recorded. 
 
 
 
Fe2 + HPR3+    HFe2+ + PR3 
 
Keq = ([HFe2+][PR3])/([Fe2][HPR3+]) 
 
[HFe2+] = [PR3] 
 
Keq = [HFe2]2/([Fe2][HPR3+]) 
 
[HFe2+]2/[Fe2] = Keq[HPR3+] 
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In CH2Cl2: 
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Figure 3.29.  Plot of [H2]2/[2] vs [H+]. 
 
pKCD2Cl2 = pKa,[HPMe2Ph]BF4 – [-log(Keq)] 
= 5.7 + log(0.0032) = 3.2 
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Figure 3.30.  Plot of [H2’]2/[2’] vs [H+]. 
 
 
pKCD2Cl2 = pKa,[HPMe2Ph]BF4 – [-log(Keq)] 
= 5.7 + log(0.0036) = 3.3 
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 In MeCN 
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Figure 3.31.  Plot of [H2’]2/[2’] vs [H+]. 
 
pKCH3CN = pKaClCH2CO2H – [-log(Keq)] 
= 15.3 + log(0.0064) = 13.1 
 
Kinetic Analysis of the Reaction of [H2’]+ with TEMPO 
 
[H2’]+  +  TEMPO    [2’]+  +  TEMPOH                   
 
Eq 3.10 
 
In order to determine the rate constant of reaction S1, in situ IR spectroscopic 
measurements were performed and then simulated the resulting data. 
 
For a typical experiment: 
A mixture of 0.050 g (0.058 mmol) Fe2[(SCH)2NBn](CO)3(dppv)(PMe3) and 0.054 g 
(0.058 mmol) of H(OEt2)2BArF24 were added to a flask.  The flask was cooled in a cold 
bath of appropriate temperature, and 2.5 mL of CH2Cl2 was added drop-wise, allowing 
the solvent to drip down the side of the flask.  The temperature of the reaction mixture 
was monitored by a thermocouple that was directly inserted into the solution, and the 
solution was allowed to equilibrate until a steady temperature was obtained (typically ~15 
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min).  To the reaction mixture was added a solution of 0.009 g (0.058 mmol) TEMPO in 
0.1 mL of CH2Cl2; the added volume of solvent caused a temporary increase in 
temperature of ~3 °C. 
In situ Reaction progress was monitored by IR spectroscopy (ReactIR©, Mettler-Toledo) 
in the region between 2200 – 1500 cm-1. 
 
Typical experimental settings consisted of a two step sequence as follows:   
 
Step 1. 
Duration: 2 min 
Interval:  Rapid Collect (~1 spectrum/s) 
Gain: 1 
Scans: 2 
Resolution: 4 
 
Step 2. 
Duration:  120 min 
Interval:  30 s 
Gain: 1 
Scans: 32 
Resolution: 4 
 
Following completion of the experiment, two post-experiment processes were performed: 
  
1. A baseline correct was performed, using the blank absorbance at 2200 cm-1 
for normalization. 
2. Using the software application ConCIRT, the component species of the 
reaction profile and their relative intensities were extracted.   
 
ConCIRT identified two major species present under these reaction conditions; the decay 
of [H2’] and the growth of the superimposition of [2’]+ and 2’.  The two latter species 
were not distinguishable by the software under these conditions because their rate of 
growth was equal.  Based on this observation, it is proposed the following reaction 
sequence: 
 
[H2’]+  +  TEMPO    [2’]+  +  TEMPOH                            (S1) 
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 [H2’]+  +  TEMPOH    [2’]  +  TEMPOH2+                       (S2) 
 
The rate of S2 is much greater than S1, but can only occur to the extent that S1 occurs (i.e. 
TEMPOH must be generated before it can react).  It was independently verified that 
[H2’]+ is immediately deprotonated by TEMPOH. 
 
Using the above model (equations S1 and S2), these data were simulated with the 
program Kintecus.  When the reaction was performed under warmer conditions (T > 
243K) or high excess concentrations of TEMPO ([TEMPO] > 0.7 M) the growth of 2’ 
was observed to be intermittent and eventually decayed to yield a complete conversion of 
all Fe2 species to [2’]+.  Under these conditions, ConCIRT was able to distinguish 2’ and 
[2’]+.  The reaction scheme can be refined such that eq S2 is reversible.  In this case, the 
equilibrium strongly favors deprotonation of [H2’]+ by TEMPOH, but the reverse 
reaction is driven by the consumption of [H2’]+ by TEMPO. 
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Figure 3.32.  Plot of concentration vs time for experiment run at 199K.  For this simulation, A = [H2’+], C 
= [2’], and E = [2’+]. 
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Figure 3.33.  Plot of concentration vs time for experiment run at 215K.  For this simulation, A = [H2’+], C = [2’], 
and E = [2’+]. 
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Figure 3.34.  Plot of concentration vs time for experiment at 229 K.  For this simulation, A = [H2’+], C = 
[2’], and E = [2’+].  The experiment was stopped after ~4000 s, at which point it was apparent that the 
experiment was complete. 
 
 
Table 3.4.  Rate constants (M-1s-1) obtained from simulated from data sets measured at varying temperatures. 
Figure T k 
S9 229 8.60 x 10-2 
S10 215 1.75 x 10-2 
S11 199 8.13 x 10-3 
 
From the Eyring equation: 
 
k = (kBT/h)e-G‡/RT 
ln(k/T) = -(H‡/RT) + ln(kb/h) + S‡/R 
 
Slope of ln(k/T) vs (/T) = m = -3291.6 
 
m = -3291.6 = -H‡/R 
H‡ = 3291.6 K(1.986 cal/K·mol) = 6537 cal/mol = 6.5 kcal/mol 
 
Y-intercept of ln(k/T) vs (/T) = b = 6.2717 
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 b = 6.2717 = ln(kb/h) + S‡/R 
S‡ = (6.2717 - ln(kb/h))/R = (6.2717 – ln(1.38x10-23 cal·K-1 / 6.626x10-34 
J·s))*8.314 J·K-1·mol-1) = -145 J/mol·K-1 = -34.7 cal/mol·K-1 = -0.035 
kcal/mol·K-1 
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Figure 3.35.  Eyring-Polanyi plot for the reaction of [H2’]+ with TEMPO at 229, 215, and 199 K. 
 
 
Decomposition of [2’]+ and [2’]2+ with O2. 
 
A flask containing 0.017 g (0.020 mml) of 2’ and 0.032 g (0.031 mmol) of  FcBArF24 was 
cooled to in a CO2/acetone bath (a thermocouple directly inserted into the reaction 
mixture measure -71 °C), and to it was added 0.8 mL of CH2Cl2.  At this point the IR 
spectrum indicated a mixture of [2’]+ and [2’]2+.  The flask was purged with 1 atm of O2 
and the reaction mixture was monitored by in site IR spectroscopy (ReactIR 4000, 
Mettler Toledo).  After [2’]+ was fully consumed and [2’]2+ consumption had slowed 
(~35 min),  the resultant spectra were processed with ConCIRT.  The identity of the 
products of decomposition was not explored. 
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Figure 3.36.  Plot of concentration vs time at – 71 °C for an equimolar mixture of [2’]+ and [2’]2+ upon treatment 
with 1 atm O2.  Notice that t1/2 for [2’]+ is ~125 s whereas t1/2 for [2’]2+ is ~1200 s. 
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Chapter 4:  Nitrosyl Derivatives of 34e- Diiron Dithiolates 
 
Introduction 
Many different types of ligands have been installed at one or more of the six terminal 
sites on the diiron dithiolate framework, including, in approximate order of their abundance, 
phosphines,1 phosphites,2 thioethers and bridging thiolates,12,13 isocyanides,14 carbenes,15 
arsines,2 and alkenes.3  Prior to this work, strong -acceptor ligands had not been installed onto 
the diiron dithiolato platform, although electrophiles were found to add to the Fe−Fe bond.17  In 
this work, the ability of NO+ to alter the electronic structure of the diiron dithiolate carbonyls has 
been examined.  As one of strongest acceptor ligands in inorganic chemistry,4, 5 NO+ often forms 
complexes that are isoelectronic and isostructural with CO compounds.  However, it is shown in 
this present study that NO+ forms diiron dithiolates that are not isostructural with the 
corresponding carbonyl complexes, and these nitrosyl complexes display unique reactivity.  
Although iron nitrosyl thiolates have attracted intense interest,19 the derivatives described in this 
Chapter represent a new family of complexes.   
Iron sulfur nitrosyl complexes were first discovered by the French chemist Roussin, after 
whom these original compounds were named.6  Roussin’s black salt, [Fe4S3(NO)7]-, is 
precipitated from the aqueous solutions of FeSO4, NaNO3, and (NH4)2S .  This cluster is highly 
redox active, undergoing three highly reversible reductions.7  The “black salt” is readily 
converted to the “red salt” [Fe2S2(NO)4]2- by treatment with boiling aqueous hydroxide (Figure 
4.1).6  However, the reverse reaction occurs upon photolysis or even dissolution in CH2Cl2.8  The 
red salt is also highly redox active, undergoing two reversible reductions.7  These apparently 
cannibalistic processes are not well understood.9  Closest in structure to the present complexes of 
this study are the Roussin esters Fe2(SR)2(NO)4,20 which are readily prepared by alkylation of the 
red salt or by treatment of Fe2I2(NO)4 with thiolate.10   
 
                                            
 Portions of this Chapter are reproduced from the following publication with permission from the authors. 
Olsen, M. T., Bruschi, M., De Gioia, L., Rauchfuss, T. B., Wilson, S. R., J. Am. Chem. Soc.  2008, 130, 
12021-12030.    Olsen, M. T., Justice, A. K., Gloaguen, F., Rauchfuss, T. B., Wilson, S. R.,  Inorg. Chem.  
2008, 47, 11816-11824. 
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Figure 4.1.  Interconversion of Roussin’s black (left) and red (middle) salts, as well as alkylation of the red salt to 
afford Roussin esters. 
 
Iron sulfide nitrosyl complexes are proposed to be biologically relevant species in the 
storage and transportation of NO, a signaling molecule.  The most common form are dinitrosyl 
iron complexes (DNICs) which exhibit a characteristic EPR signal at g = 2.03.  DNICs are 
observed in response to various physiological processes, and act as sources of NO which is 
relevant to vasodilation.9  The chemistry of DNICs is greatly effected by the concentration of 
free thiolate and NO (Figure 4.2).  Roussin esters are reversibly cleaved by thiolate to generate 
DNICs, and ferrous thiolates react with NO to afford Roussin esters and/or DNICs.11 
 
Figure 4.2.  Interconversion of iron thiolato nitrosyl complexes. 
 
Substituted derivatives of Roussin esters have not been well developed.10, 12  However, 
Lin et al. reported diiron phosphide-bridged nitrosyl derivatives which resemble the complexes 
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described in this chapter.  Treatment of [Fe2(-PPh2)(CO)7-n(PR3)n]- with NOBF4 afforded the 
nitrosyl substituted complexes Fe2(-PPh2)(CO)6-n(PR3)n(NO).  The disubstituted complex 
Fe2(-PPh2)(CO)4(PMe3)2(NO) is highly fluxional in solution and exists as two isomers (Figure 
4.3).  These isomers differ with respect to the regiochemistry of the [Fe(CO)(PMe3)(NO)]+ 
fragment as well as a tilting observed in the Fe(CO)3(PMe3) fragment.13 
 
Figure 4.3.  Isomers observed for Fe2(PPh2)(CO)4(PMe3)2(NO). 
 
 The hydrogen chemistry of metal nitrosyls is generally not well developed.  This is not 
surprising when one considers the electronic ligand parameters developed by Lever.14  The 
parameter for the NO+ ligand is ~1.9, and is by far the largest value for all reported ligands.  For 
comparison, CO ligands are ~0.99 and phosphine ligands are generally ~0.3 – 0.5.  A 
consequence of this is low-spin d6 metal with NO+ ligands are expected to be quite electron poor 
and H2 complexes are exceptionally unstable.  Dihydrogen binding by non-d6 metal nitrosyls is 
less well documented, although the Fe(CO)2(NO)2 has been reported to bind H2 weakly under 
photolytic conditions in a liquid Xe matrix.15 
 Of relevance to the hydrogenases, a unique example has been reported in which a metal 
nitrosyl acts as an internal base.  The rhenium dinitrosyl complex [Re(PCy3)2(NO)2]+ rapidly 
binds H2 and catalyzes H-D exchange, and remarkably is proposed to operate via a metal-H2 
complex intermediate, which is intramolecularly deprotonated by the nitrosyl ligand (Figure 
4.4).16  This product featuring an NOH ligand and metal hydride is never observed because the 
equilibrium strongly favors the reactants.  However, addition of an organic base (2,2,6,6,-
tetramethylpiperidine) drives the reaction forward, the resultant metal hydride has been isolated.  
The proposed reaction mechanism is fortified by the finding that [Re(PCy3)2(NO)2]+ reacts with 
HSiEt3 to form [Re(H)(PCy3)2(NO)(NOSiEt3)]+, which is isolable. 
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Figure 4.4.  The heterolytic activation of H2 by [Re(PCy3)2(NO)2]+ is energetically uphill, but can be driven forward 
by deprotonation. 
 
Results 
Syntheses and Characterization of Diiron Dithiolato Nitrosyls,  
[Fe2(S2CnH2n)2(CO)4-x(PR3)x(NO)]BF4.   
1.  Nitrosation with NO+ 
Employing NOBF4 as an NO+ source, phosphine-substituted diiron dithiolato carbonyls 
were found to readily undergo nitrosation to afford monosubstituted products (Scheme 1, 
Eq 4.1).  Thus, CH2Cl2 solutions of the complexes Fe2(S2CnH2n)(CO)6-x(PR3)x were found to 
react efficiently with suspensions of NOBF4 over the course of hours at 0 °C for x = 1 and 2.  
This method allowed for the preparation of the salts [Fe2(S2CnH2n)(CO)4-x(PMe3)x(NO)]BF4  and 
[Fe2(S2CnH2n)(CO)4-y-z(PMe3)y (dppv)z(NO)]BF4 (x = 1-2; y = 1 and z = 1, or y = 0 and z =2). 
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Table 4.1.  Naming, CO and NO bands observed for diiron dithiolato nitrosyl complexes in this Chapter. 
Formula Name CO (cm-1) NO (cm-1) 
[Fe2(S2C2H4)(CO)4(PMe3)(NO)]BF4 [4]+ 2091, 2042 1824 
[Fe2(S2C3H6)(CO)4(PMe3)(NO)]BF4 [4’]+ 2089, 2036 1813 
[Fe2(S2C2H4)(CO)3(PMe3)2(NO)]BF4 [5]+ 2035, 1980 1793 
[Fe2(S2C3H6)(CO)3(PMe3)2(NO)]BF4 [5’]+ 2033, 1981 1787 
[Fe2(S2C3H6)(CO)3(PMe3)3(NO)]BF4 [6’]+ 1953, 1984 1760 
[Fe2(S2C2H4)(CO)3(dppv)(NO)]BF4 [7]+ 2070, 2006 1796 
[Fe2(S2C3H6)(CO)3(dppv)(NO)]BF4 [7’]+ 2069, 2005 1788 
[Fe2(S2C2H4)(CO)2(dppv)(PMe3)(NO)]BF4 [8]+ 2002, 1958 1775 
[Fe2(S2C2H4)(CO)(dppv)2(NO)]BF4 [9]+ 1928 1760 
[Fe2(S2C3H6)(CO)(dppv)2(NO)]BF4 [9’]+ 1946 1734 
Fe2(S2C3H6)(CN)(CO)3(PMe3)(NO) 10’ 2060, 2001, 1982 1780 
Fe2(S2C2H4)(CN)(CO)(dppv)(PMe3)(NO) 11 1910 1734 
Fe2(S2C2H4)(CN)2(CO)(dppv)(NO) 12 1923 1719 
 
 
The IR spectra of all of these compounds displayed CO bands ~50 cm-1 higher in energy relative 
to their precursors (Figure 4.5).  Each displayed a strong terminal NO band in the range ~1825 - 
1760 cm-1, varying with the degree of phosphine substitution on the bimetallic core.   
 
Fe2(S2CnH2n)(CO)6-x(PR3)x  +  NOBF4    [Fe2(S2CnH2n)(CO)5-x(PR3)x(NO)]BF4  +  CO 
Eq  4.1 
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Figure 4.5.  Left:  IR spectra in CH2Cl2 at 20 ºC of [4’]+ (top), [5’]+ (middle), and [6’]+ (bottom). 
Right:  202 MHz 31P NMR spectra in CD2Cl2 at 20 ºC of [4’]+ (a), [5’]+ (b), and [6’]+ (c).  In the spectrum of [5’]+, a 
second extremely broad peak, centered ~19 ppm, is barely visible after several hundred scans and magnification of 
the spectrum.  This proposal is supported by the high temperature spectra (see below). 
 
The thermal stability of these nitrosyl complexes in solution was found to depend on the degree 
of substitution.  For example, the monophosphine nitrosyl complex [4’]+ was stable for hours at 
0 °C, but underwent significant decomposition within 1 hr of warming to room temperature.  
However, the bisphosphine nitrosyl complex [5’]+ was stable at 20 °C for several hours.  
Eventually these complexes decomposed, converting to mixtures containing the trisphosphine 
derivative [6’]+  as well as other unidentified species.  Similarly, these species were found to 
decompose within several minutes in MeCN solution.  In contrast, more highly substituted 
complexes such as [6’]+, [8’]+, and [9]+ displayed greater stability towards heating and donor 
solvents. 
The syntheses described above afforded NO+ substituted products most cleanly when the 
starting diiron dithiolate reagent was relatively electron-poor.  The mono- and di- substituted 
compounds (e.g. Fe2(SR)2(CO)5(PMe3), Fe2(SR)2(CO)4(PMe3)2 and Fe2(SR)2(CO)4(dppv)) 
cleanly afforded 4, 4’, 5, 5’, 6, and 6’ in high yield.  However, the syntheses with the more 
electron-rich precursors Fe2(S2C2H4)(CO)3(dppv)(PMe3) and Fe2(S2C2H4)(CO)2(dppv)2 tended to 
overreact with NO+ afforded mixtures of products in which the desired NO+ derivatives were 
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minor products.  Our attempted purifications of these mixtures were unsuccessful.  A common 
contaminant as identified by ESI-MS is Fe(dppv)(NO)217 as well as some of the unreacted 
starting diiron starting material.  The dinitrosyl Fe(dppv)(NO)2 is apparently ionizable in the 
conditions of mass spectrometry experiment, and its presence was confirmed by  IR 
spectroscopy.  In contrast to this reactivity, the hexacarbonyl Fe2(S2C2H4)(CO)6 was found to be 
inert toward NOBF4. 
The reaction of NO+ on complexes of the present type typically results in products with 
NO+ ligand coordinated to the more electron-rich Fe fragment.  For example, treatment of 
Fe2(S2C2H4)(CO)4(dppv) with NO+ affords [6]+, which is composed [Fe(NO)(dppv)]+ and 
Fe(CO)3 fragments.  The mononitrosyl diiron products display a distinct preference apical 
nitrosyl ligands in their major isomers.  This contrasts general compounds of the formula 
Fe2(SR)2(CO)6-n(PR3)n in which PR3 tends to occupy the basal position.  In both nitrosyl and 
non-nitrosyl derivatives, this preference is sometimes reversed due to extreme steric strain. 
The monophosphine complexes [4]+ and [4’]+ exist as single isomers in solution as 
indicated by 31P NMR spectroscopy (Figure 4.5).  However, the number of isomers observed for 
the bisphosphine complexes [5]+ and [5’]+ is dependent on the identitity of the dithiolate bridge.   
The 31P NMR spectrum of the ethanedithiolato complex [5]+ features two singlets over the 
temperature range of 20 to -90 ºC (Figure 4.6, Figure 4.7).  These resonances are assigned as an 
isomer of [5]+ in which the phosphines of the Fe(CO)2(PMe3) and [Fe(CO)(PMe3)(NO)]+ 
fragments are apical and basal, respectively.  In contrast, variable temperature NMR studies 
indicated that the propanedithiolate [5’]+ consists of two major isomers in solution, as anticipated 
from the crystallography (described below).  At 150 ºC, the 31P NMR spectrum consisted of two 
well resolved singlets (Figure 4.8).  Upon cooling the sample, these resonances significantly 
broadened and decoalesced into a total of four peaks.  Coalescence occurred at 25 and 10 ºC, 
corresponding to the interconversion of two isomers.  It is proposed that this isomerisation 
corresponds to pseudo rotation of the Fe(CO)2(PMe3) fragment, orienting the phosphine in either 
the apical or basal position (named [6’ap]+ and [6’ba]+, respectively).  The activation barrier for 
these two coalescence temperatures and peak separations were determined to be 12.2 and 12.4 
kcal/mol, respectively, and thus are in agreement for the same isomerisation process.  Below -60 
ºC, further splitting is observed due to the slow equilibration of the bridging propanedithiolate, as 
seen for non-nitrosylated Fe2(S2C3H6)(CO)4(PMe3)2.18  Thus, the ‘flipping’ of the 
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propanedithiolate is rapid and has a significant effect on the Fe(CO)2(PMe3) fragment.  As will 
be shown later, this effect is transferred to the [Fe(CO)(PMe3)(NO)]+ fragment as well.  
However, these isomer effects are not observed for the ‘trisphosphines’ [6]+ and [6’]+. 
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Figure 4.6.  202 MHz 31P NMR spectra of [5’]+ (left) and [5]+ (right) at various temperatures in CD2Cl2.  
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Figure 4.7.  242.8 MHz 31P NMR Spectrum of [5’]+ in CD2Cl2 at various temperatures.  The minor peaks at ~18 and 
26 ppm correspond to [6’]+ which slowly appeared due to the large amount of scans (and thus long time) and 
necessary to obtained well resolved peaks for these very broad resonances. 
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Figure 4.8.  161.9 MHz 31P NMR spectrum of [5’]+ in C6H5NO2 at high temperatures.  At 150 ºC significant 
amounts of the degradation product [6’]+ appear.  Notice that at elevated temperatures there are clearly two peaks 
(i.e. the peak at ~22 ppm has become visible). 
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 The 31P NMR spectrum of [7]+ shows two singlets in a 1:2 ratio, consistent with two 
isomers that differ with respect to the position of the dppv chelate (Figure 4.9).19  The smaller 
signal is assigned to a highly fluxional apical-basal isomer; this signal was found to broaden 
upon cooling the sample to -80 ºC.  A singlet assigned to the major isomer proved temperature-
invariant, consistent with the dibasal stereochemistry.  A similar trend is seen for [7’]+, except 
that the equilibrium concentration of the apical-basal isomer is barely detectable (Scheme 2, 
Table 1).  The related Fe2(S2C2H4)(CO)4(dppv) exhibits similar dynamics, although the apical-
basal isomer is far more stabilized (20:1, Table 4.2).  In the -80 ºC 31P NMR spectrum of 
[2(CO)3]+, four isomers are observed indicative of slowed folding of the propanedithiolate. 
 
Figure 4.9. Isomerization processes for the Fe(dppv)(NO)+ fragment in [7]+. 
 
 
 
Table 4.2.  Ratios of Apical-Basal/Dibasal Isomers (dppv location) for [Fe2(S2CnH2n)(CO)4-x(dppv)(NO)x]x+. 
  
 In contrast to [7]+ and [7’]+, the ‘trisphosphine’ nitrosyl complexes [6]+, [6’]+, and [8]+ 
existed only as single isomers as determined by 31P NMR.  These isomers consist of dibasal 
phosphine ligands on the [Fe(PR3)2(NO)]+ fragment, an apical NO ligand, and an apical PMe3 
ligand on the Fe(CO)2(PMe3) fragment.  Apparently, substitution of a donor phosphine in the 
non-nitrosyl fragment enhances the electronic preference of the NO ligand for the apical 
position, perhaps via communication through the metal-metal bond. 
 
(S2C2H4)(CO)4 (S2C2H4)(CO)3(NO) (S2C3H6)(CO)4 (S2C3H6)(CO)3(NO) 
20:1 1:2 7:1 1:>25 (est.) 
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2. NO as a Trapping Agent for Mixed-Valence Species   
In lieu of the decomposition encountered with NO+ in the attempted syntheses of highly 
substituted complexes, alternative synthetic routes were sought.  A potentially versatile route to 
diiron nitrosyl complexes entails a two-step process that involves one-electron oxidation of FeI2 
precursors followed by treatment with NO.  Thus, oxidation of Fe2(S2C2H4)(CO)2(dppv)220 and 
trapping with NO gave the corresponding mononitrosyl [Fe2(S2C2H4)(NO)(CO)(dppv)2]BF4 
([8]BF4, Figure 4.10).  The purity of this product was dramatically improved when compared to 
the syntheses with NO+, as indicated by the IR spectrum.  Nonetheless, minor unidentified 
impurities arose via the overreaction of NO with [8]+ which is apparently somewhat competitive.  
These impurities were removed by repetitive recrystallizations.  The 31P NMR spectrum of 
[1(dppv)(CO)]BF4 showed four broad singlets at 25 ºC, which sharpened upon cooling the 
sample to -80 ºC.  This is consistent with a structurein which the two dppv ligands span apical-
basal coordination sites, as observed crystallographically in the solid state (Figure 4), but that the 
dynamic racemization process is subject to a low activation barrier.  The precursor complex also 
exhibits a related dynamic process, but at a higher barrier.20  The complex [1(dppv)(CO)]BF4 is 
the only diiron ditholate nitrosyl observed in this series that features a basal nitrosyl ligand 
present in the major observed isomer.  Apparently, steric interactions between apical-basal and 
dibasal dppv ligands are stronger than the NO ligand’s electronic preference.   
2100 1950 1800 1650
 
 
cm-1  
Figure 4.10.  Trapping of an Hox model complex with NO gas.  Treatment of Fe2(S2C2H4)(CO)2(dppv)2 (top) with 
FcBF4 at -78 °C afforded the cation [Fe2(S2C2H4)(CO)2(dppv)2]+ (middle), which was treated with one equiv NO to 
yield [9]+ (bottom). 
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The related propanedithiolato complex [9’]+ was prepared similarly.  Relative to the 
ethanedithiolate [9]+, CO is 20 cm-1 higher and NO is 30 cm-1 lower, weakened in intensity, and 
broad (Figure 4.11).  These data are consistent with an isomer in which the [Fe(NO)(dppv)]+ is 
rotated such that the nitrosyl is oriented in the bridging position.  However, the 31P NMR 
spectrum displayed three singlets of approximately equal intensity, which is not consistent with 
such a structure. 
2200 2000 1800 1600
 
 
cm-1
100 90 80 70
 
ppm  
Figure 4.11.  Left: IR spectra (CH2Cl2, 20 °C) of [9]+ (top) and [9’]+ (bottom). 
Right: 31P{1H} Spectra (right, CD2Cl2, 20 °C) of [9]+ (top) and [9’]+ (bottom). 
 
A similar synthetic route was used to prepare [7]+ and [6’]+.  These complexes were more 
tolerant towards overreaction with NO, which can be rationalized in terms of their electron 
deficient nature relative to [8]+.  However, synthesis of [4]+ and [5]+ via this method were not 
attempted because the corresponding mixed-valence precursors are unknown. 
 
3.  Phosphine Substitution of Diiron Dithiolato Nitrosyls Complexes. 
In contrast to the nucleophilicity of diiron dithiolato carbonyl phosphine complexes, 
which are reported to react with X+ reagents (X = H+, I+, SMe+), the diiron dithiolato carbonyl 
phosphine nitrosyl complexes were found to be electrophilic.  The monophosphines [4]+ and 
[4’]+ were also found to readily undergo substitution by PMe3 to give [5]+ and [5’]+, respectively.  
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Interestingly, this result suggests that PMe3 attacks at the Fe(CO)3 fragment rather than the 
Fe(CO)(PMe3)(NO)+ fragment.  IR measurements detected a metastable intermediate containing 
a bridging CO, although this aspect was not pursued.  The bisphosphines [5]+ and [5’]+ readily 
react with one equivalent PMe3 to afford the corresponding ‘trisphosphines’ 
[Fe2(S2CnH2n)(CO)2(PMe3)3(NO)]BF4, [6]+ and [6’]+ (n = 2 and 3, respectively).   
Similarly, treatment of the diphosphine nitrosyl complex [7]+ with one equivalent of 
PMe3 gave [8]+.   These reactions produced pure products provided that strictly one equivalent of 
PMe3 was employed.  The ‘trisphosphine’ [7]+ reacts with PMe3 to afford a species formulated as 
[Fe2(S2C2H4)(CO)(dppv)(PMe3)2(NO)]+, 10.  31P NMR analysis of this species indicated the 
formation of distinct Fe(dppv)(PMe3) and Fe(CO)(PMe3)(NO)+ fragments, although this 
complex was not further characterized (Figure 4.12).   
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Figure 4.12.  202 MHz 31P{1H} NMR spectrum in CD2Cl2 after heating [2(CO)3]BF4 with excess PMe3 at 
30 ºC for 10 min.  The doublet of doublets in the dppv region couple the triplet in the PMe3, suggesting 
Fe(dppv)(PMe3) fragment.  ESI-MS spectra showed signals for both [Fe2(S2C3H6)(CO)(dppv)(PMe3)2(NO)]+ and 
[Fe(CO)(dppv)(PMe3)(NO)]+. 
 
The reaction of [6]+ with the bulky diphosphine dppv is much slower; an equimolar 
solution of [6]+ and dppv at 20 °C in CH2Cl2 reacted over several days to afford low yields of 
[8]+.  These long reaction times likely make the thermal decomposition of [6]+ a competitive 
process, though this decomposition process was not further studied. 
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4.  Cyanation of Diiron Nitrosyl Complexes and Nitrosyl Migrations 
Several diiron nitrosyls rapidly consumed CN-, affording CN- substituted products.  The 
IR spectra of these complexes are quite, containing CN, CO, and NO, bands.  Whereas 
Fe2(S2C2H4)(CO)3(dppv)(PMe3) is inert towards substitution by cyanide, its nitrosylated 
derivative [8]+ was found to react with one equiv of cyanide to produce [11]+ (Eq. 4.2).  The 31P 
NMR spectrum of [11]+ consisted of two doublets in the dppv region, indicative of a single 
diastereomer.  Apparently, rapid turnstile rotation19, 20 allows for interconversion between the 
diastereomers.  The structure of this species was confirmed crystallographically; the compound 
is chiral and crystallizes as the racemate.  Carbonyl, cyanide, and nitrosyl ligands were 
distinguished by their bond lengths; the crystallographic refinement also clearly favored one set 
of assignments.  The dppv ligand spans the apical-basal sites, as is typical for Fe(CO)(dppv) 
centers.19  Cyanide and PMe3 are basal and NO is apical, as is typical in this series of 
compounds.  Distinctively, the NO+ is no longer bound to the same Fe as the dppv, a finding that 
implicates the intramolecular migration of NO+ (eq 3). 
 
[(CO)2(PMe3)Fe(S2C2H4)Fe(dppv)(NO)]+  +  CN-      (NO)(CN)(PMe3)Fe(S2C2H4)Fe(dppv)(CO)  +  CO       
Eq  4.2 
 
Monocyanation is also observed for [4’]+, which readily reacts with CN- to afford 
Fe2(S2C3H6)(CN)(CO)3(PMe3)(NO) ([12’]+).  The regiochemistry of this compound is 
undetermined.  In comparison to [5’]+, which only differs by replacement of CN- for PMe3, the 
high energy CO band (likely corresponding to the nitrosyl bearing Fe) is ~30 cm-1 higher in 
energy, while the NO band is ~10 cm-1 lower in energy. 
Unlike the monocyanations, the diiron nitrosyl [6]+ was found to rapidly consume two 
equivalents of CN-, leaving half of the diiron precursor unconsumed.  The product of this 
dicyanation, which was formed in moderate yields when two equivalents of CN- were employed, 
is the anion [Fe2(S2C2H4)(CN)2(CO)(dppv)(NO)]-, [12]-.  Shown in Figure 3, variable 
temperature 31P NMR measurements indicate that [12]- exists exclusively as a single 
diastereomer in solution wherein the dppv is apical-basal (Figure 4.13).  It is proposed that this 
reaction proceeds via relocation of the nitrosyl to the Fe(CN)2 site.  The IR spectrum of [12]- 
resembles that for [9]+ in the CO  region, but NO occurs at 41 cm-1 lower energy.  This is 
consistent with a regiochemistry of the formula [(CN)2(NO)Fe(-S2C2H4)Fe(dppv)(CO)], and 
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implicating migration of the nitrosyl ligand.  The switch of the dppv to apical-basal geometry is 
also consistent with a Fe(dppv)CO site; in Fe(dppv)NO sites, the dppv is invariably dibasal in the 
absence of extreme steric effects. 
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Figure 4.13.  202 MHz 31P NMR spectra of Et4N[1(CN)2(CO)] (CD2Cl2 soln) at 20 (top) and 
-60 ºC (bottom). 
 
Solid State Studies.   
1.  Complexes containing [Fe(CO)(PMe3)(NO)]+ fragments 
Most of the diiron nitrosyl salts discussed in this Chapter readily crystallized, providing a 
wealth of structural data.  The structures of almost all of these compounds were verified 
crystallographically.  As expected, the FeI2(SR)2 core is complemented with six terminal ligands 
(exceptions to be discussed below).21  The iron-phosphorus and iron-sulfur distances for all of 
these compounds are standard, and the carbonyl and nitrosyl ligands were distinguished by the 
Fe-NO distances, which were observed to be ~0.15 Å shorter than the Fe-CO distances (Figures 
1-3). 
In comparison to other complexes of the formula Fe2(SR)2(L)6, the most striking aspect 
of the structures is the distortion of the Fe2L6 framework from the usual22 eclipsed quasi-C2v 
geometry (Figure 4.14).  The structural distortion can be characterized in two different ways.  
First, the FeL3 fragment can rotate such that a CO ligand occupies the semi-bridging position.  
This distortion was only significant in compounds containing [Fe(CO)(PMe3)(NO)]+ fragments.  
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This distortion is manifested as a more acute FeCO-FeNO-CO bond angle, , where FeCO and 
FeNO refers to the NO-free and NO-bearing iron atoms, respectively.  Second, the torsion angle  
between the apical ligands of the two FeL3 fragments is twisted away from an idealized torsion 
angle of 0°.  This type of distortion was observed both in complexes that do and do not contain 
[Fe(CO)(PMe3)(NO)]+ fragments. 
Whereas mixed-valence diiron (I/II) dithiolato carbonyls display semi-bridging carbonyls 
with  < 80º (see Table 1), for diiron(I) dithiolato carbonyls  falls within the narrow range 
from 95º to 105º, e.g., for Fe2(S2C3H6)(CO)4(PMe3)2 (103.6º).23  For previously reported (NO+-
free) diiron dithiolates, this value varies only slightly (± 5º) depending on the size and chelating 
nature of the other ligands (see Table 1).  The value of  is generally in the range 0° to 5°. 
Previously reported unsymmetrically substituted derivatives usually feature unremarkable 
structures.19,24  One exception is the triphos complex 
Fe2(S2C3H6)(CO)3(2, 2-[Ph2P(CH2)2]2PPh).21  Because of its rotated nature, the 
Fe(CO)(PMe3)(NO)+ center adopts an inverted orientation. 
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Figure 4.14. Idealized frameworks for C2v Structure (left) and the rotated framework (right) observed in Hox models.  
The pictures are depicted from a side-on view (top) to illustrate distortion that greatly affects the angle  and from a 
front-back view to illustrate distortion that greatly affects the torsion angle . 
 
Compound [4]+ crystallized with two cations in its asymmetric unit, the  values both 
being ~91º (Figure 4.15).  These are less than typical (~100º) values but by the definition of 
Crabtree25 correspond to terminal carbonyls.  The value of  is 16.6°, which is somewhat 
distorted compared to traditional compounds, but not dramatic.  Otherwise, the structure is not 
unusual: the ligands are eclipsed and the Fe(CO)3 fragment is unaffected. 
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Figure 4.15.  Structure of [4]+ with thermal ellipsoids set at 35%.  Disordered anions and hydrogen atoms have been 
omitted for clarity.  Key bond distances (Å):  Fe1-Fe2, 2.5529(9); Fe1-N1, 1.669(4), 1.67; Fe1-P1, 2.2971(13); Fe1-
C1, 1.821(5); Fe2-C5, 1.804(4); Fe2-C6, 1.804(5); Fe2-C7: 1.794(5). 
 
The bisphosphine ethandithiolate complex [5]+ crystallized as the isomer in which the 
Fe(CO)2(PMe3) fragment contained an apical PMe3 and basal carbonyls, while the 
[Fe(CO)(PMe3)(NO)]+ fragment featured an apical nitrosyl with a basal carbonyl and phosphine 
(Figure 4.16).  Compared to [4]+, this complex shows increased distortion; the values of  and  
in [5]+ are 80.5 ° and 45.5, respectively.  The nearly isostructural propanedithiolate complex 
[5’ap]+ was crystallized and shows very similar  and  values 76.1 and 43.9 (Figure 4.17).  
Interestingly, the  values for [5]+ and [5’ap]+ are much less than 90°, the carbonyl C atom is in 
between the two Fe atoms, and thus is approaching a bridging position.  The value of  is quite 
large, and similar torsion angles have only been observed under extreme influence. 
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Figure 4.16.  Structure of [5]+ with thermal ellipsoids set at 35%.  Disordered anions and hydrogen atoms have been 
omitted for clarity.  Key bond distances (Å):  Fe1-Fe2: 2.5582(4), Fe1-N1: 1.6576(17), Fe1-P1: 2.2842(6), Fe1-C1: 
1.792(2), Fe2-C5: 1.785(2), Fe2-C6: 1.771(2).  Fe2-P2: 2.2158(6). 
 
  
Figure 4.17.  Structure of [5’ap]+ with thermal ellipsoids set at 35%.  Side-on (left) and end-on (right) views.  
Hydrogen atoms, disordered methyl groups on P2, the anion, and solvate have been omitted for clarity.  Key bond 
distances (Å): Fe1-Fe2, 2.5806(5); Fe1-N1, 1.648(3); Fe1-P1, 2.2622(8); Fe1-C1, 1.794(3); Fe2-C5, 1.778(3); Fe2-
C6, 1.777(3); Fe2-P2, 2.2231(8). 
 
The related rotamer, [5’ba]+, was crystallized under identical conditions to that of [5’ap]+; 
hexane was slowly diffused into a CH2Cl2 solution at −30 °C.  In [5’ba]+, the phosphine ligand on 
the Fe(CO)2(PMe3) center was found to occupy a basal, and the Fe(CO)(PMe3)(NO)+ center is 
exceptionally distorted unlike any other complex of the formula Fe2I/I(SR)2L6  (Figure 4.18, 
Figure 4.19).  The shift of the PMe3 ligand from the apical to the basal site on the Fe(CO)2PMe3 
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center induces the bridging carbonyl ligand into a more fully bridging position.  Two molecules 
were found in the asymmetric unit:  = ~62º and 67º, i.e. these are bent semi-bridging carbonyls 
(Figure 3).  The two distinct structures of [5’ba]+ indicate some flexibility for the semi-bridging 
carbonyl parallel to the Fe-Fe vector.  Because of the increased rotation of the 
[Fe(CO)(PMe3)(NO)]+ fragment (versus that seen in [5’ap]+), the vacant coordination site on 
FeNO is particularly open and more closely resembles the diiron coordination environment in the 
Hox state and models thereof.26, 27  The  values are 70.5° and 90.5°, indicating the presence of a 
particularly vacant site at [Fe(CO)(PMe3)(NO)]+. 
  
Figure 4.18.  Structure of [5’ba]+ with thermal ellipsoids set at 35%.  Of the two molecules in the asymmetric unit, 
the one with the larger  value (62.1º) is displayed.  Side-on (left) and end-on (right) views.  Hydrogen atoms, 
disordered methyl groups on P4, disorder in C13 and O6, anion, and solvate have been omitted for clarity.  Key 
bond distances (Å):  Fe3-Fe4: 2.5433(12), Fe3-N2: 1.616(6), Fe3-P3: 2.253(2), Fe3-C13: 1.778(9), Fe4-C13: 
2.323(9), Fe4-C17: 1.747(7), Fe4-C18: 1.786(7), Fe4-P4: 2.273(4). 
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Figure 4.19.  Structure of [5’ba]+ with thermal ellipsoids set at 35%.  Of the two molecules in the asymmetric unit, 
the one with the larger  value (66.6º) is displayed (see supporting information for the other molecule).  Side—on 
(left) and end—on (right) views.  Hydrogen atoms, disordered methyl groups on P(2), disorder in C(1) and O(2), 
anion, and solvate have been omitted for clarity.  Key bond distances (Å):  Fe1-Fe2, 2.5558(12); Fe1-N1, 1.633(6); 
Fe1-P1, 2.246(2); Fe1-C1, 1.809(9); Fe2-C1, 2.479(9); Fe2-C5, 1.750(7); Fe2-C6, 1.787(7); Fe2-P2, 2.285(5). 
 
Although semi-bridging carbonyls are present in the crystals obtained according to X-ray 
and IR analysis, a CO band was not apparent in the solution IR spectra of bulk samples of [5’]+ 
because [5’ba]+ is a minority component.  Reassuringly, the solid-state IR spectrum of [5’ba]+ 
indicated the presence of two species corresponding to the two molecules observed in the 
asymmetric unit cell of our model (Figure 4.20).  The solid state IR spectrum of crystals of 
[5’ap]+ indicated two species as well, although these species were quite similar and could only be 
distinguished by slight differences in NO.  Notably, [5’ap]+ and [5’ba]+ contained no shared 
species; each set of IR bands was unique (Figure 4.21).  In contrast, the solid state spectrum of 
crystalline [5]+ suggested a single isomer, as predicted by the crystallography.   
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cm-1  
Figure 4.20. KBr pellet IR spectrum of the single crystal batches that produced [5’ba]+ (above) and [5’ap]+ (below).  
Crystals were dried in vacuo before being ground.  Notice that at least two NO are observed for each, suggesting 
that multiple isomers are present.  See below for calculated structures of several isomers within a few kcal/mol.  
Observed Peak Values:  (above): CO (cm-1) = 2037, 2017, 1986 (sh), 1980, 1963 (sh).  -CO = 1916.  NO = 1797, 
1782.  (below): CO (cm-1) = 2043 (sh), 2031, 1969, 1934.  NO = 1770, 1758. 
 
The solid state IR spectra of the single crystals were compared to those of powders of 
[5’]+ (Figure 4.22).  Surprisingly, powders of [5’]+ display broadened CO and v.  A likely 
explanation is that several minor ‘isomers’ are accessible by these diiron nitrosyls in addition to  
[5’ap]+ and [5’ba]+, as has been confirmed computationally (see Experimental).28  These isomers 
are easily identified owing to their slow interconversion on the IR timescale.  Similar broadened 
peaks are also observed in the solid state spectrum of the simple complex 
Fe2(S2C3H6)(CO)4(PMe3)2, which is also only observed as a single isomer by solution state 31P 
NMR spectroscopy.   
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Figure 4.21.  KBr pellet IR spectrum of single crystals from the batch that produced [5’ba]+ (above) and single 
crystals from the batch of [5]+ (below.  [5]+ appears to crystallize as a single isomer, whereas crystal batches of 
[5’ba]+ contain at least 2 isomers.  This is mostly clearly illustrated by the multiple NO bands of 2’.  Observed peak 
values (above): CO = 2024, 1975 (sh), 1971, 1963, 1924.  NO = 1790. 
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Figure 4.22.  KBr pellet IR spectrum of the single crystals from the batch that produced [5’ba]+ (above), a powder 
of [5’]+ (middle), and a powder of Fe2(S2C3H6)(CO)4(PMe3)2 (bottom).  Notice the broad feature at ~1920 cm-1 of 
the powder of 2’ that overlaps with the -CO of the top spectrum.  Observed peak values (middle): CO = 2030, 1976, 
1925.  NO = 1797.  (bottom): CO = 1980, 1939, 1887. 
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Table 4.3. Fe-Fe-CO Bond Angles for Various Compounds. 
Diiron dithiolate  c 
[4]+ 91.3, 91.1 19.5 
[5]+ 80.5 45.5 
[5’ap]+ 76.1 43.9 
[5’ba]+ 62.1, 66.6 70.5 , 90.5 
[6’]+ (96.4) 19.7 
[7’]+ (99.7) 36.1 
[8]+ (100.4) 28.2 
[9]+ (101.6) 10.2 
[12]+ (103.3) 9.4e 
[Fe2(S2C3H6)(CO)3(dppv)(PMe3)]+ a 72.0 -- 
[Fe2(S2C3H4)(CO)4(iMes)(PMe3)]+ b 56.8 -- 
Fe2(S2C3H6)(CO)6 29 101.0 0 
Fe2(S2C3H6)(CO)5(P(C6H5)3) 30 96.2 9.31 
Fe2(S2C3H6)(CO)4(PMe3)2 103.6 -- 
Fe2(dmpdt)(CO)5(iMes)31 -- 40.7 
Fe2(S2C3H6)(CO)3(triphos) d 88.3 49.4 
adppv is cis-1,2-bis(diphenylphosphino)ethene.27 
biMes is N,N’-bis(mesityl)imidazolidene.26 
cThe smallest  value of the various carbonyls was selected. 
dtriphos is (3–Ph2P(CH2)2P(Ph)(CH2)2PPh2).32 
eAverage value from two molecules in the unit cell. 
 
The two rotamers of [5’]+ crystallized, questions arose about the possibility that either 
[5’ap]+ or [5’ba]+ could be exceptional crystals that are not significantly represented in bulk 
samples.  This issue was addressed using powder X-ray diffraction studies (Figure 4.23, Figure 
4.24, Figure 4.25, and Figure 4.26).  Powder diffraction patterns for [5’ap]+ and [5’ba]+ were 
calculated from the single crystal data.  Bulk samples of crystalline [5’]+ were grown from 
layered diffusion of hexane into CH2Cl2 solutions at -30 °C.  The powder diffraction data for 
bulk crystals of [5’]+ was shown to consist of two isomers as well as a third component.  [5’ap]+ 
was found to be the majority component, and [5’ba]+ the minor.  The third component 
corresponds to species (one or more) obtained when single crystalline [5’]+ desolvates.  The 
main point is that the solvates, polymorphs 2’ap and 2’ba are significant components of the solid 
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crystalline mixture and are not statistical outliers.  The powder diffraction data for 
polycrystalline samples of [5’]+ that were not grown by the above method did not appear to 
contain [5’ap]+ and [5’ba]+.  These samples were instead prepared by precipitation from CH2Cl2 
solution by the slow addition of hexanes at 20 °C.  The role of temperature on solid state crystal 
growth and diffraction pattern was not further studied.  The high structural flexibility of the [5’]+ 
is apparently quite sensitive to a variety of conditions, including growth conditions (layered 
diffusion vs preciptitation), temperature, and salvation.  This is consistent with several nearly 
isoenergetic structures, which was found to be the case computationally (see below). 
 
 
Figure 4.23.  Powder diffraction of a single crystal batch of 2’.  Spectrum contains experimental spectrum (green) 
and the component corresponding to the data from the CIF of 2’ap (blue). 
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Figure 4.24.  Powder diffraction of a single crystals of 2’.  Spectrum contains experimental spectrum and the 
component corresponding to the data from the CIF of 2’ba (black). 
 
 
Figure 4.25.  Powder diffraction of a single crystal batch of 2’ (green) and the desolvated single crystals of 2’ 
(orange).  Note that the desolvated component is the ‘missing part’ (i.e. the component that is not 2’ap or 2’ba) of the 
spectrum for single crystals of 2’. 
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Figure 4.26. Powder diffraction of a single crystalline batch of 2’ (green) and a polycrystalline batch of 2’ (pink).  
The later was prepared by rapid precipitation from a CH2Cl2 solution upon the addition of hexane. 
 
2.  Complexes containing [Fe(NO)(dppv)]+ and other highly substituted complexes 
Unlike the highly distorted bis(phosphine) nitrosyl complexes [5’]+, the geometry of the 
diphosphine nitrosyl complex [7’]+ more closely approximated a Cs geometry.  Because these 
complexes do not contain carbonyl ligands that are approaching the bridging position,  is 
instead reported as the smallest Fe-Fe-L bond angle observed.  The crystallographically 
determined structure of [5]BF4 revealed the nitrosyl ligand to be apical, with the dppv ligand 
occupying the basal site (Figure 4.27).  The complex exhibits a slight twisting distortion in both 
the Fe(dppv)(NO)+ and Fe(CO)3 fragments, as indicated by a  value of 36.1°.  However,  is 
99.7° and thus quite normal.  The propanedithiolate exhibited disorder due to rapid ‘flipping’ 
towards and away from the nitrosyl ligand. 
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Figure 4.27. Side-on (left) and end-on (right) views of [2(CO)3]BF4.  Thermal ellipsoids are shown at 35% 
probability and are omitted on the phenyl rings for clarity, as are the anion.  Notice that in the end-on view a single 
phenyl group is perpendicular to the plane of the page, indicative of twisting.  Selected bond distances (Å): Fe(1)–
Fe(2), 2.5931(7); Fe(1)-P(1), 2.2791(10); Fe(1)-P(2), 2.3128(10); Fe(1)-N(1), 1.659(2); Fe(2)-C(4), 1.806(3); Fe(2)-
C(5), 1.806(3); Fe(2)-C(6), 1.785(3). 
 
In addition to the NO band at 1796 cm-1, the IR spectrum of [7]+ features two CO bands for the 
Fe(CO)3 fragment.  Relative to Fe2(S2C2H4)(CO)4(dppv), these bands are shifted to higher energy 
by about 50 cm-1.  A similar trend is observed for the propanedithiolato complexes. 
The degree of distortion in complexes with [Fe(NO)(L)2]+ fragments becomes lessened 
with each additional substitution of a carbonyl for a strong donor ligand.  The “tris(phosphine)” 
nitrosyl complexes [6’]+ and [8]+ were structurally similar and both contain [Fe(NO)(PR3)2]+ 
fragments with apical nitrosyls.  The Fe(CO)2(PMe3) fragments featured apical phosphines.  The 
 values are 96.4° and 100.4° for [6’]+ and [8]+, respectively, indicating very little rotation of 
either FeL3 fragment.  The  values are 19.7° and 28.2°, indicating mild distortion.  Presumably 
the P-Fe-Fe-N tortion angle is larger in [8]+ than in [6’]+ because of the bulky tetraaryl 
diphosphine ligand.  Distortion is further lessened in the tetrasubstituted complexes [9’]+ and 
[12]+, whose  and  values are near-identical with standard diiron (I/I) dithiolates.  
 
Reactivity and Mechanistic Studies. 
1.  Reaction of [5’]+ with PMe3 
Two intermediates for these conversions were detected by in situ IR spectroscopy, and a 
third intermediate was detected by 31P NMR spectroscopy.  An initial adduct was observed 
immediately upon addition of the phosphine to a CH2Cl2 solution of the diphosphine complex at 
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-80 ºC.  IR spectra showed that the CO bands are barely affected upon the addition of PMe3, 
however NO is shifted ~300 cm-1 to lower energy (Figure 4.28).  This dramatic shift is consistent 
with the nitrosyl ligand occupying the bridging position.  The 31P NMR signature at this 
temperature indicated that two highly similar isomers were present, both of which are 
unsymmetrical, that only two of the phosphines couple each other, and that only one equivalent 
of PMe3 had reacted with each equivalent of [5’]+ (Figure 4.29).  It is proposed that these 
isomers differ with respect to the regiochemistry of the PMe3 ligands. 
Upon warming to -45 °C, a strong terminal nitrosyl band reappeared along with two 
overlapping terminal carbonyl bands.  Interestingly, this intermediate also featured a broad, low 
energy carbonyl band at 1891 cm-1 which is characteristic of bridging carbonyls.  The 31P NMR 
spectrum of this intermediate again indicated the presence of an unsymmetrical species with two 
coupling phosphines.  This is consistent with an isomer that has undergone a pseudo rotation to 
interchange the nitrosyl and carbonyl ligands from bridging to terminal positions.  Finally, upon 
warming to 20 °C this species decarbonylated to afford [9’]+ which has been fully characterized 
and spectroscopically and structurally resembles [7]+. 
2100 1800 1500
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Figure 4.28.  IR spectra of [5’]+ (CH2Cl2 solution) at -78 ºC (a), following the addition of one equiv of PMe3 (b), 
upon warming to -45 ºC for 10 min. (c), and upon warming to room temperature for 3 h (d).  For peak maxima, see 
Experimental Section. 
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Figure 4.29.  202 MHz 31P NMR spectra the addition of excess PMe3 in CD2Cl2 to a frozen solution of [5’]+ in 
CD2Cl2.  Thawing to -80 ºC for 30 minutes produced the top spectrum which corresponded to two isomers of a 
PMe3 adduct containing a -NO (red squares and blue circles).  Warming to the above indicated temperatures for 15 
min each produced the corresponding spectra, accompanied by disappearance of the -NO species and generation of 
-CO(PMe3) adduct (green triangles), and lastly [6’]+ appeared (orange diamonds).  The assignment of the two -
NO isomers were assigned based on the similarity of their  and JP-P values.   The similarity of these values also 
suggests the phosphines remain in either apical or basal positions.  The species with cisoid-dibasal PMe3 ligands 
(red squares) is less stable and would be expected to isomerizes to the more stable transoid configuration.  Upon 
isomerizing to -CO intermediate, the signal for the FeCO PMe3 (the singlet) shifts significantly upfield (~20 ppm) 
suggesting an isomerization to the apical position. 
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2.  Reaction of [7’]+ with PMe3 
The salts [7]BF4 and [7’]BF4 proved highly reactive toward nucleophiles.  Thus, 
treatment of [7]BF4 and [7’]BF4 with 1 equiv of PMe3 at room temperature gave [8]BF4 and 
[8’]BF4, respectively.  The 31P NMR spectrum of both of these products featured singlets in both 
the dppv and PMe3 regions, which implicate axial PMe3 and dibasal dppv ligands.  The dibasal 
orientation of the dppv ligand is further evidenced by the 31P NMR chemical shift (74.1), 
following a pattern seen for related complexes.19 
In a test of its relative electrophilicity, equimolar amounts of Fe2(S2C2H4)(CO)4(dppv) 
and [7]+ were treated with one equiv of PMe3 at 20 ºC.  IR and 31P NMR measurements revealed 
exclusive consumption of [7]+.  In an attempt to elucidate some details of the substitution 
mechanism, a solution of [7]+ was treated with one equiv of PMe3 at -20 ºC, resulting in a 
complete disappearance of free PMe3, partial consumption of [7]+, and the appearance of an 
intermediate species (Figure 4.30).    This reaction appears to rapidly give the 1:2 adduct 
[7(PMe3)2]+, followed by a slower dissociation of PMe3 that reacts with remaining starting 
materials (eqs 4.3-4.4).   
 
     [Fe2(S2CnH2n)(CO)3(dppv)(NO)]+  +  2 PMe3      [Fe2(S2CnH2n)(CO)3(dppv)(PMe3)2(NO)]+    
Eq  4.3 
 
     [Fe2(S2CnH2n)(CO)3(dppv)(PMe3)2(NO)]+     [Fe2(S2CnH2n)(CO)2(dppv)(PMe3)(NO)]BF4  + 
PMe3  +  CO                   
Eq  4.4 
 
Upon warming to room temperature, the mixture of [7]+ and the intermediate converted with 
good efficiency to [8]+.  When a solution of [7]+ was treated with excess PMe3 at -20 ºC, ESI-MS 
analysis of the reaction mixture confirmed the presence of a species corresponding to 
[7(PMe3)2]+.  The related reaction of [7’]+ with PMe3 gave similar  results.  The 31P NMR 
spectrum of the intermediate in the PMe3 region (~25) revealed one major and two minor 
isomers, in each of which the PMe3 groups are nonequivalent, as virtually required since only 
low symmetry products could be produced (Figure 4.30, Figure 4.31). 
 
 148
100 80 20 0
 
 
ppm
 
Figure 4.30. 202 MHz 31P NMR spectra of [7]BF4 (top, CD2Cl2), 10 min after addition of 1 equiv of PMe3 at  0 ºC 
(middle), and after warming to 20 ºC for 30 min (bottom).  The signal for PMe3 (~-60 ppm) has been omitted for 
clarity.  Notice that the reaction proceeds through partial consumption of starting materials, and upon warming the 
trisphosphine [8] (~74 and 25 ppm) is the major product. 
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Figure 4.31. 202 MHz 31P{1H} NMR spectrum of [7’(PMe3)2]BF4 in CD2Cl2 at -40 ºC in the dppv region 
(left, 100 – 70 ppm) and the PMe3 region (right, 20-0 ppm).  Notice the presence of major and minor isomers. 
 
Solutions of [7’(PMe3)2]BF4 readily produced crystals suitable for analysis by X-ray 
diffraction.  The structure of [7’(PMe3)2]+ features both octahedral and trigonal bipyramidal iron 
centers, which are assigned as Fe(II) and Fe(0), respectively (Figure 4.32).  The octahedral site 
features cis thiolates, cis phosphines, and cis carbonyl ligands.  Viewing the pentacoordinate site 
as a trigonal bipyramid, the axial sites are occupied by the acceptor ligands, CO and NO+. 
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Figure 4.32.  Structure of the cation in [2(CO)3(PMe3)2]BF4.  Thermal ellipsoids are shown at 35% probability and 
are omitted on the phenyl rings for clarity, as are the anion.  Selected bond distances (Å): Fe(1)-N(1), 1.618(9); 
Fe(1)-C(1), 1.860(11); Fe(1)-P(1), 2.231(3); Fe(1)-P(2), 2.270(3); Fe(1)-S(1), 2.323(3); Fe(2)-S(1), 2.376(2); Fe(2)-
S(2), 2.306(3); Fe(2)-C(2), 1.749(11); Fe(2)-C(3), 1.741(11); Fe(2)-P(3), 2.312(3); Fe(2)-P(4), 2.270(3); Fe(1)-
Fe(2), 3.969. 
 
The crystallographic result shows that two molecules of PMe3 added to the Fe(CO)3 site, 
inducing migration of CO and scission of Fe-Fe and one Fe-S bonds. 
 
3.  Carbon monoxide binding 
Unlike other diiron(I) dithiolates, [5]+ and [5’]+ are Lewis acidic - both reversibly add CO 
at low temperatures.  In the IR spectrum of the adduct [5’CO]+, NO absorbs at 1513 cm-1, about 
200 cm-1 below the region for terminal nitrosyl ligands in this series.  The spectra for the 
carbonylation exhibit isosbestic behavior, indicative of an equilibrium between two principal 
species (Figure 4.33).  Compounds [4]+, [4’]+, [7]+, and [7’]+ did not display similar behaviour, 
however, 31P NMR indicated that [6’]+ and [9]+ also formed an adduct with CO at low 
temperature (for [9(CO)]+, see Figure 4.34).  This trend indicates that two factors are important 
in the ability of these complexes to bind exogenous weak ligands; a small  value and basicity.  
The complexes [5’]+ and [7’]+ are both doubly substituted with donor ligands, yet only the ‘pre-
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rotated’ [5’]+ binds CO.  On the other hand, the weakly basic monophosphines do not bind CO 
whereas the “tris” and “tetrakis(phosphines)” complexes do.  Clearly a certain amount of basicity 
is necessary.  More detailed studies on these carbonylation reactions were performed with the 
most structurally distorted complex [5’]+. 
2000 1800 1600
 
cm-1  
Figure 4.33.  IR spectra recorded at intervals over the course of 10 min for the carbonylation of [5’]+ (CH2Cl2 
solution, -80 ºC).  Notice the diminution of the 1797s cm-1 band for [5’]+ and the concomitant appearance of the 
band at 1513 cm-1 in [5’CO]+ assigned to -NO. 
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Figure 4.34.  202 MHz 31P NMR spectra of [9]+ at -80 ºC (above, CD2Cl2) and after pressurization with 1 
atm of CO.  Please note that there are two resonances at ~80 ppm, which is difficult to discern in this non-zoomed in 
image.  Notice that unlike the previously reported CO adduct [Fe2(S2CnH2n)(CO)4(PMe3)2(NO)]BF4,33 this adduct is 
asymmetrical. 
 
The IR spectra of [5’CO]+ are consistent with the presence of a bridging nitrosyl ligand.  
This assignment is supported by the low temperature 31P NMR spectrum, which indicated 
equivalent phosphine ligands (Figure 4.35).  Both isomers of [5’]+ formed the same adduct.  The 
200 cm-1 shift of the NO band, also predicted by DFT calculations, is consistent with the 
relocation of the NO ligand from a terminal to a bridging position.  Binding of CO by [5’]+ 
occurs with H = -8.4 kcal/mol and S = -0.037 kcal/mol•K, consistent with an associative 
process (Figure 4.36, Figure 4.37).  Despite the demonstrated affinity of [5’]+ for CO, solutions 
of [5’]+ did not appear to react with H2.  Furthermore no H-D exchange was observed when 
solutions of [5’]+ and H2 were treated with MeOD in the presence of noncoordinating base. 
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Figure 4.35.  202 MHz 31P NMR spectrum of [5’]+ (red squares) and [5’CO]+ (blue circles) in CD2Cl2 at -80 ºC. 
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Figure 4.36.  Carbonylation of [5’]+. 
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Figure 4.37.  Plot of ln(Keq) vs 1/T (K) for 0.022 M [5’]+ (CH2Cl2) under 1 atm CO. 
 
Like [5’]+, ethanedithiolato complex [5]+ displays a similar affinity toward CO.  In a 
competition study, an equimolar solution of [5]+ and [5’]+ was treated with 1 atm of CO.  Upon 
cooling to -80 ºC both CO adducts were observed, but carbonylation of [5’]+ was favored by ~7 
fold relative to [5]+.  The adducts [5CO]+ and [5’CO]+ presumably occur as intermediates in the 
synthesis of [5’]+ from the reaction of NO+ and Fe2(S2CnH2n)(CO)4(PMe3)2. 
Labeling with 13CO has proven to be an effective tool to probe the carbonylation of 
models for Hox and HoxCO,34 but the present system is advantageous because the diamagnetism 
enabled analysis by 13C NMR spectroscopy.  Exposure of [5’]+ to 13CO at -80 ºC resulted 
primarily in a single isotopomers of [5’CO]+ and singly labeled [5’]+.  In [5’13CO]+, the label is 
proposed to be located at the apical sites which are equivalent (Figure 4.38).  The selectively 
labeled [5’]+ is proposed to arise by dissociation of 12CO from one of these two equivalent apical 
sites.  Upon thermal equilibration of the sample, the -80 ºC spectrum displayed five 31P-coupled 
doublets; two for [5’CO]+ and three for the major isomer of [5’]+.  If instead the 13CO 
atmosphere was rigorously removed above the sample followed by thermal equilibration, the 
remaining carbonyls also became enriched.  Thus, mechanism of CO binding involves initial 
binding at an apical site to generate a symmetrical species that statistically as a 50% chances of 
dissociating the non-labeled apical CO.  Thus, the Fe(CO)2(PMe3) fragment becomes enriched, 
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and this species is expected to rapidly exchange with the basal position via interconversion 
[5’ap]+ to [5’ba]+ (Figure 4.39). 
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Figure 4.38.  MHz 13C NMR spectrum of a frozen solution [5’]+ in CD2Cl2 under 0.41 atm of 13CO after thawing at 
-90 ºC (above), warming to room temperature for five minutes and cooling to -90 ºC (middle), and venting the 
sample at 20ºC to air for 5 min and cooling back to -90 ºC.  The other unlabled minor peaks in the spectrum 
correspond to the minor rotomer of [5’]+ as well as isomers due to slow equilibration of the bridging 
propanedithiolate. 
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Figure 4.39.  Proposed mechanism of 13CO enrichment to [5’]+. 
 
 When equimolar amounts of [4’]+ and [5’]+ were pressurized with 13CO at -80 ºC, the 31P 
NMR spectra indicated carbonylation exclusively at [5’]+, as expected since [4’]+ exhibits no 
Lewis acidity.  Upon thermal equilibration, the 13C NMR spectrum showed that [5’]+ alone was 
enriched.  Similarly, when equimolar amounts of [5’]+ and [3’]+ were equilibrated under an 
atmosphere of 13CO, enrichment was only observed at [5’]+. 
 
 
DFT Calculations.   
In a collaboration with Dr. Maurizio Bruschi and Dr. Luca de Gioia, DFT was used to 
accurately reproduced the experimental structure of [5’]+ (see experimental, Figure 4.54).  The 
two isomers characterized by X-ray diffraction ([5’ba]+ and [5’ap]+) correspond to the two most 
stable isomeric forms computed by density functional theorem (DFT).  However, several other 
isomers are within a few kcal/mol (see experimental, Figure 4.57 and Figure 4.58).  To 
quantitatively evaluate the effect of the NO+ ligand on the electronic structure of [5’ap]+ and 
[5’ba]+, natural bonding orbital (NBO) charges (Table 4.4) have been computed and compared to 
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the corresponding values obtained for the optimized structures of the isoelectronic carbonyl 
complex, Fe2(S2C3H6)(CO)4(PMe3)2 (ap and ba isomers).  Related calculations for the oxidized 
species [Fe2(S2C3H6)(CO)4(PMe3)2]+ proved especially relevant.  These species adopt “rotated” 
structures and are considered electronic models for the Hox state of the active site (Figure 4.55 
and Figure 4.56).35  
 
Table 4.4.  NBO Charges of [5’ap]+, [5’ba]+, Fe2(S2C3H6)(CO)4(PMe3)2 (ap and ba isomer), and 
[Fe2(S2C3H6)(CO)4(PMe3)2]+ (ap and ba isomer) Computed at RI—BP86/def—TZVP Level of Theory. 
Complex FeCO FeNO 
[5’ba]+ -0.22 0.03 
[5’ap]+ -0.19 0.03 
Fe2(S2C3H6)(CO)4(PMe3)2 -0.19 to -0.18a -0.19 to -0.21a 
[Fe2(S2C3H6)(CO)4(PMe3)2]+ -0.19 to -0.21a -0.02 to -0.00a 
aThe range of values correspond to the results for different isomers (see Supporting Information). 
 
Although absolute values of NBO charges must be interpreted cautiously,36 it is evident 
that the charge densities on the Fe atoms are far from formal oxidation states, reflecting the 
covalent character of the complex.  Most importantly, the NBO charges on the Fe atoms in 
[5’ap]+  and [5’ba]+, which formally are FeIFeI species, are more similar to the corresponding 
values calculated for the mixed-valence complex27 [Fe2(S2C3H6)(CO)4(PMe3)2]+ than in the 
subferrous Fe2(S2C3H6)(CO)4(PMe3)2 species.  In particular, it can be concluded that the FeNO 
atom in [Fe2(S2C3H6)(CO)3(PMe3)2(NO)]+ (both isomers) have FeII-like character.  This 
observation conforms with the experimentally characterized Lewis acidity of the 2’ complex (see 
above) and its structural dissimilarity to FeIFeI diiron dithiolates.27 
Calculated IR bands for the isomers [5’ap]+ and [5’ba]+ are collected in Table 4.5.  The 
calculations are consistent with [5’ap]+ being the major isomer in solution.  Experimentally, 
signals corresponding to [5’ba]+ are not observed, in part because -CO is intrinsically weaker and 
the CO bands overlap with those for [5’ap]+.  The lowest energy band always corresponds to NO, 
whereas the other bands are assigned as CO.  Notably, moving from [5’ap]+ to [5’ba]+ the -CO 
band shifts by almost 100 cm-1, due to the shortening of the C(O)-FeCO distance in 2’ba (2.78 
versus 2.33 Å).  The computed C(O)—FeCO distance in [5’ba]+ could be underestimated due to 
the very flat potential energy surface corresponding to slight C(O)-FeCO distance modifications, 
as indicated also by the crystallographic results which range from 2.33 to 2.47 Å. 
 158
 
Table 4.5.  Vibrational Frequencies and Intensities of the [5’ap]+ and [5’ba]+.   
Computed at the RI—BP86/def—TZVP Level of Theory. 
[5’ap]+   
NO and CO (rel 
int.) 
[5’ba]+   
NO and CO 
(rel. int.) 
observed 
(CH2Cl2 
soln, cm-1) 
1814 (843) 1817 (795) 1787 
1975 (289) 1880 (418)  
1978 (490) 1988 (532) 1981 
2030 (780) 2028 (559) 2033 
 
Calculations of the vibrational frequencies also supports the structure assigned to 2’CO (see 
above).  For example, the NO is calculated to be 1522 cm-1, which reasonably matches the 
experimental value of 1513 cm-1. 
Regarding the structure of [5’CO]+, DFT calculations indicate that the symmetrical -NO 
species to be significantly more stable than other isomers (Figure 4.40), in agreement with the 
experimental evidence.  Previous computational results from Schaefer and King indicate a 
preference for structures with bridging NO (relative to bridging CO) in electron-rich late 
transition metal complexes.37  The enthalpy of carbonylation for [5’ba]+, -12.2 kcal mol-1 (Table 
5), is also consistent with the experimental value (Table 4.6). 
 
Table 4.6.  Binding Energies for [5’ba]+ + CO  [5’CO]+. 
Computed at RI-BP86/def-TZVP Level of Theory. 
 
Reaction E(kcal mol-1) 
[5’ba]+ + CO  axial-PMe3/-CO 23.4 
[5’ba]+ + CO  axial-PMe3/-NO 4.3 
[5’ba]+ + CO  equatorial-cis-PMe3/-CO -0.3 
[5’ap]+ + CO  equatorial-cis-PMe3/-NO -9.4 
[5’ap]+ + CO  equatorial-trans-PMe3/-CO -1.6 
[5’ap]+  + CO  equatorial-trans-PMe3/-NO -12.2 
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   axial-PMe3/-CO                     axial-PMe3/-NO 
 equatorial-trans-PMe3/-CO            equatorial-trans-PMe3/-NO 
 
 
equatorial-cis-PMe3/-CO                equatorial-cis-PMe3/-NO 
Figure 4.40.  DFT optimized structures of the possible isomers of [5’CO]+.  Atom color scheme: oxygen, red; 
nitrogen, blue; carbon, green; iron, cyan; sulfur, yellow; and phosphorus, purple. 
 
Calculations predict that a high energy species (35 kcal/mol) features PMe3 groups in apical 
positions with a bent NO ligand (Fe-N-O angle 123º).  Interestingly, the Fe-Fe distance contracts 
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to 2.591 Å.  This in silico experiment demonstrates, in effect, the competition between bending 
of FeNO and Fe---Fe bonding.  In other geometries, including the lowest energy species, the Fe--
-Fe distances are non-bonding: 2.987 (apical-PMe3/-CO), 3.342 (equatorial-PMe3/-CO), and 
2.968 Å (equatorial-PMe3/-NO). 
The observation of bridging nitrosyl ligands in the adducts [5CO]+ and [5’CO]+ was 
surprising because the precursor complexes featured semi-bridging carbonyls that were instead 
expected to be occupy the bridging position.  Calculations indicate enhanced stability for the 
adducts with -NO ligands and basal phosphines.  Two isomerization pathways are plausible and 
very similar, involving turnstile rotations of the FeNO center.  Only one isomer of CO adduct is 
observed.  The alternative mechanism, in which the binding of CO directly to [5’ba]+ 
immediately followed by isomerization of NO into the bridging position, was not considered 
because the binding energies are unfavorable. 
 
 
Electrochemistry.   
Compounds [4]+, [4’]+, [5]+, [5’]+, [7]+, and [7’]+ exhibit two one-electron reduction steps 
(Table 4.7), but they oxidize only at very positive potentials (>1.3 V versus Ag|AgCl).  For [4]+ 
and [4’]+, the first reductions are fully reversible, and the second reductions are only reversible at 
slow scan rates.  At fast scan rates, the returning of anodic wave of the second reduction 
becomes distinctly broadened.  This electrochemical process was studied in situ, and it was 
found that reduction resulted in a species with NO at ~150 cm-1 lower energy, and CO at ~50 
and ~80 cm-1 (for the two major observed bands) lower energy compared to the starting material.  
Although NO is much larger than CO, the effect of 1e− reduction is smaller than that seen for 
the 1e reduction of mononuclear iron nitrosyls.38  This finding indicates that although reduction 
likely occurs at the nitrosyl ligand, there is delocalization across the bimetallic core.  Further 
reduction produces less dramatic changes; NO is ~50 cm-1 and CO is ~30 cm-1.  This is more 
consistent with a metal based reduction, although it should be noted that the HOMOs of metal-
nitrosyl complexes are often extensively delocalized.5  Interestingly, the IR spectrum of the 
proposed [4’]- contains a low energy, weak intensity CO at 1847 cm-1 which may correspond to a 
bridging or semibridging carbonyl ligand.  The reduction of diiron dithiolates at Fe has been 
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reported to result in the formation of complexes with bridging carbonyl ligands, though this is 
often accompanied by Fe-S bond cleavage. 
 
Table 4.7.  Reduction Potentials (V) of 1, 2, 3a and Related Non-Nitrosylated Derivatives 
Complex Anodic  Cathodic 
[Fe2(S2C2H4)(CO)4(PMe3)(NO)]+ n/a -0.97b, -1.47b 
[Fe2(S2C3H6)(CO)4(PMe3)(NO)]+ n/a -0.88, -1.55 
Fe2(S2C3H6)(CO)5(PMe3)c, 30   n/a -2.38 
[Fe2(S2C2H4)(CO)3(PMe3)2(NO)]+ n/a -1.19, -1.50 
[Fe2(S2C3H6)(CO)3(PMe3)2(NO)]+ n/a -1.16, -1.50 
[Fe2(S2C3H6)(CO)3(PMe3)2(NO)]+ n/a -1.54 
Fe2(S2C3H6)(CO)4(PMe3)2c n/a -2.60 
Fe2(S2C2H4)(CO)4(dppv) 0.1 -2.59a 
[1(CO)3]+ > 0.5 -1.67c, -2.130c 
[2(CO)3]+ > 0.5 -1.73c, -2.250c 
Fe2(S2C2H4)(CO)3(dppv)(PMe3)19 -0.30b n/a 
[1(CO)2(PMe3)]+ 0.850 -2.03b, -2.51a 
Fe2(S2C2H4)(CO)2(dppv)2 -0.70b n/a 
[1(CO)(dppv)]+ 0.30b -2.3b 
aConditions: 1.5 mM in CH2Cl2, 100 mM Bu4NPF6, at 20 ºC unless further specified, referenced 
versus Fc0/+. b0 ºC. cIn CH3CN soln.39  
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Figure 4.41.  Cyclic voltammograms of complex [4]+ in CH2Cl2 + Bu4NPF6 solution at varying scan rates. 
Experimental conditions: [4]+ = 1 mM; scan rate 25, 50, 100, 250, 500 mV s-1; glassy carbon electrode 0.3 cm in 
diam. 
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Figure 4.42.  IR spectra of [4’]+ in CH2Cl2 at -78 ºC (top), after addition of 1 equiv of Cp2Co (middle), and after 
addition of ~2.5 equiv Cp2Co.   
IR bands: Top: [4’]+: CO = 2088, 2038, NO =1814 cm-1 
Middle: [4’]0 CO = 2030, 1957, 1926 (shoulder), NO =1688 cm-1 
Bottom: [4’]-:  CO = 1999, 1924, 1847, NO =1613 cm-1 
When collecting reactIR spectra, it was found that the NO region (~1500-1800 cm-1) contains large amounts of noise 
at reduced temperatures which can be overcome by using highly concentrated (~50 mM) solutions.  As solutions of 
reductant were added, the concentration of the solution decreases and the level of noise increased. 
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The first reduction of [5’]+ is quasi-reversible (ipa/ipc ≈ 0.7) at moderate scan rates (100 
mV/s) and the second reduction is irreversible.  The behavior of [5]+ is similar, although the first 
reduction is less reversible.  The reductions were determined to be 1-electron processes by 
comparing the ipa with the ipc of the oxidation of Fe2(S2C3H6)(CO)4(dppv), which is known to be 
one—electron process.35  Thus, in CH2Cl2 solution, compounds [4]+ - [6]+ are first reduced at the 
mild potentials of -0.36 ([4]+) to -1.02 V ([6]+) (potentials versus Ag|AgCl).  Highlighting the 
electron—acceptor character of these nitrosyl complexes, the potentials for the second reduction 
of the diphosphine derivatives [5]+ and [5’]+ are less negative than the first reduction step of the 
corresponding tetracarbonyl parent complexes.  Reduction of [5’]+ is about 0.1 V milder than 
that of [5’]+, indicating the expected effect of the dithiolate—bridge on the redox properties of 
the diiron derivatives.20  In contrast to the behavior of the nitrosyl complexes, related complexes 
lacking NO+ display reversible oxidations and a single poorly reversible reduction at highly 
negative potentials.35,36   
Our initial attempts to characterize the reduced diiron nitrosyl complexes failed due to the 
extreme thermal instability of the 1e- reduced complexes.  Fortunately, the reduced bulky 
complex [9]0 is electrochemically robust at room temperature, as indicated by its fully reversible 
reduction in the cyclic voltammagram (Figure 4.43).  The bis(diphosphine) complex [9]+ was 
chemically reduced with ~1.1 equiv of decamethylcobaltocene at -78 ºC to generate the radical 
1(CO)(dppv).  The IR spectrum indicated that reduction is localized on FeNO: CO shifted from 
1918 to 1886 cm-1, but NO shifted by nearly 180 cm-1 from 1748 to ~1580 cm-1 (Figure 4.44).  
Upon exposure of these solutions to air, the signals for [1(CO)(dppv)]+ were restored.  X-band 
EPR spectrum of the frozen reduced solution revealed a slightly rhombic signal (g = 1.95350, 
1.98051, 2.01355), where the low field signal exhibits a large 60 MHz splitting, consistent with 
14N hyperfine coupling (Figure 4.45, Table 4.8).  The electrochemical stability of [9]+ towards 
redox is also evidenced by its relatively mild and reversible oxidations, in comparison to all other 
diiron nitrosyl complexes. 
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Figure 4.43.  Cyclic voltammogram of 1 mM [8]+ in CH2Cl2 solution (50 mM Bu4NPF6, 20 ºC, 100 mV/s). 
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Figure 4.44. IR spectra in THF at -95 ºC of [1(CO)(dppv)]BF4  before (above; CO = 1918 cm-1, NO = 1748 cm-1) 
and after (below; CO = 1886 cm-1, NO = 1571 cm-1) addition of (C5Me5)Co. 
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Figure 4.45.  X-Band EPR spectra (green line, 110 K, 1:1:2 CH2Cl2:THF:toluene frozen solution) of [9]+ and 
simulation (red line). 
 
Table 4.8.  Selected EPR parameters for [9]+. 
gz A3 gy A2 gx A1 
1.95350 23.06 1.98051 28.84 2.01355 61.55 
 
Given their mild reduction potentials, the redox properties of the diiron nitrosyl 
complexes were assayed in the presence of acids.  The simple dppv complexes [1(CO)3]BF4 and 
[2(CO)3]BF4  exhibited catalytic waves at their primary reductions, both of which were mild (-
1.15 and -1.21 V, respectively, versus the Fc0/+ couple, Figure 4.46). 
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Figure 4.46.  Cyclic voltammograms of 1 mM [7’]+ in CH2Cl2 (~50 mM Bu4NPF6) solution as a function of 
[CF3CO2H] (0, 1, 2, 3, 5, 7, and 10 molar equiv).  Scan rate = 100 mV s-1 at a glassy carbon electrode 0.3 cm in 
diam. 
 
At the concentration ratio of [CF3CO2H]/([2(CO)3]+) ≤ 20, no catalysis was observed at 
the potential of the second reduction step.  This behavior is explicable if the acid in the diffusion 
layer is consumed during the first reduction wave.  A rough estimate of the catalytic efficiency of 
the FeNO derivatives can be obtained from the variation of the catalytic peak current with the 
acid concentration.  As shown in Figure 4.47, the peak current varies linearly with the square 
root of the acid concentration, which indicates that the rate determining step in the catalytic 
reaction is first order in acid.40  The overall catalytic rate constant is estimated as k’ ~ 130 and 
100 M-1s-1 for [7]+ and [7’]+, respectively.  These values compare well with those calculated by 
the same procedure for cobaloxime catalysts, which are known to be highly efficient.41  Note 
however that the overall rate constant k’ does not reflect precisely the rate determining step but is 
a composite of equilibrium and rate constants.   
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Figure 4.47.  Plots of the catalytic current as a function of the acid concentration for [7]+ (squares) and [7’]+ 
(triangles): ik and ip are the peak current in the presence and in the absence of acid, respectively. 
  
At high [H+], the catalytic current becomes almost independent of the acid concentration, 
indicative of a change in the rate determining step, which could be the release of H2, as has been 
proposed previously.41  Catalysis by [7]+ and [7’]+ is unaffected by the presence of CO, although 
the corresponding hexacarbonyl catalysts are poisoned by CO.42   
Compounds [7]+ and [7’]+ are not protonated even in the presence of excess triflic acid, 
consistent with proton reduction catalysis that is initiated by electron-transfer (E step) followed 
by protonation (C step).  The sequence of the two subsequent steps, EC or CE, is unknown.   
 
Discussion 
 The starting complexes in this work, species of the type Fe2(SR)2(CO)6-xLx, are well 
known, having been well developed even in the 1970’s.40  Because diiron(I) dithiolato carbonyls 
are structurally similar to the active site of the [FeFe]-hydrogenases, hundreds of derivatives 
have been described in recent years.22  Although slight deviations from idealized symmetry are 
encountered with bulky or constraining ligands (see Table 1), this work describes the first 
derivatives where FeIFeI structures deviate strongly from the well established C2v motif.43  Our 
results demonstrate that the electronic asymmetry imposed by the nitrosyl ligand can cause very 
substantial geometric distortions otherwise induced by redox (Figure 9).26, 27  These distortions in 
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turn impact the reactivity of these diiron compounds and further indicate the versatility of the 
Fe2(SR)2(CO)6-nLn platform.22 
 
Figure 4.48.  Overlay of (order from left to right in regards to the semi-bridging carbonyl ligand): [5’ba]+ (the 
examples in the asymmetric unit), [5’ap]+, [5]+, and [4]+ (thermal ellipsoids set at 10% and the anions; H atoms, and 
phosphine methyls omitted). 
 
The electronic asymmetry is particularly acute in the diphosphines 
[Fe2(S2CnH2n)(CO)3(PMe3)2(NO)]+, wherein the Fe(CO)(PMe3)(NO)+ center is electron-deficient 
and the Fe(CO)2(PMe3) center is electron-rich.  This apparently results in geometric distortion, 
which is further accentuated when the bridging dithiolate is propanedithiolate rather than 
ethanedithiolate.  The central methylene group of the propandithiolate clashes with the apical 
PMe3 ligand in the Fe(CO)2(PMe3) fragment and the basal PMe3 isomer ([5’ba]+) is more 
prevalent.  As supported also by DFT calculations, this isomer is exceptionally distorted and 
resembles the diiron site of the [FeFe]-hydrogenases (Figure 10).44 
  
Figure 4.49.  Overlay of 2’ba with the diiron portion of the Hox state from C. pasteurianum.45  The molecule of 
[5’ap]+ with a smaller  value was selected. 
 
Associated with their novel structures, the new nitrosyl derivatives exhibit properties 
rarely seen in related complexes: 
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1) Lewis acidity towards CO.  Impressively, the structurally distorted compounds [5]+ and [5’]+, 
both of which bind CO, mimic the Lewis acidity of the Hox state off [FeFe]-hydrogenase.  More 
highly substituted nitrosyl complexes also bound CO, indicating that in addition to asymmetry a 
balance between electrophilicity (imparted by the nitrosyl) and basicity (imparted by donor 
ligands) is necessary.  
2) Interconversions involving -NO ligands.  Implicit in the mechanism of carbonylation is the 
existence of an isomer in which the nitrosyl is in or near the bridging position.  Apparently, this 
isomer is highly electrophilic and responsible for the observed reactivity for [5’]+ (Figure 4.50).  
DFT confirmed this isomer to be within ~2 kcal/mol, and that mechanisms involving ligand 
binding to [5’ba]+ directly followed by rapid rearrangement are prohibitively uphill.  The binding 
of CO provides a rare example of the interconversion of terminal and bridging NO ligands.  
Relatively few examples are known for complexes with -NO ligands,46 but for dimetallic mixed 
CO-NO complexes NO bridges more often than CO.37, 47   
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Figure 4.50.  Proposed Pathways for the Carbonylation of [5’]+. 
 
3) Susceptibility toward ligand substitution.  After substitution with NO+, these complexes 
become quite electrophilic and further exchange carbonyls for donor ligands readily.  For 
example, the presence of the nitrosyl allows the preparation of 
[Fe2(S2C3H6)(CO)2(PMe3)3(NO)]+, whereas Fe2(S2C3H6)(CO)4(PMe3)2 does not react with excess 
PMe3 even upon prolonged heating at 110 °C.  Because nitrosyl and carbonyl ligands are 
isostructural, this barrier is presumed to be electronic rather than steric. 
4) Unusual substitution mechanisms: -NO ligands and double addition 
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Nucleophilic attack on the disubstituted nitrosyl complexes [5’]+ and [7’]+ occurs by to 
dramatically different mechanisms.  In the case of [5’]+, a monoadduct featuring a -NO is 
observed first, followed by isomerization and decarbonylation.  However, the case of [7’]+ is 
quite different; a double adduct is observed, prior to decarbonylation and excess ligand 
dissociation (Figure 4.51).  These adducts form via the scission of the Fe-Fe bond and one Fe-S 
bond and 2e- mixed-valence intermediate.  The 2:1 adducts illustrate the possibility that other 
[Fe(I)]2 species substitute via mixed valence adducts.  Such a mechanism may be relevant to the 
finding that attempted monocyanation of Fe2(S2C3H6)(CO)6 mainly affords the dicyanide.48  The 
presence of the NO ligand, a very strong acceptor, favors such electron-transfer processes.  
Related Fe-S scission reactions occur upon the reduction of diiron dithiolates.17,22  
Also impressive is the rate of substitutions: cyanation of Fe2(S2C3H6)(CO)6 at 25 ºC and 
[7’]BF4 at –78 ºC were found to proceed at comparable rates.  This temperature difference 
roughly corresponds to a 30% decrease in activation energy.  One striking finding is the tendency 
of [Fe2(S2CnH2n)(CO)3(dppv)(NO)]+ to undergo substitution via the intermediacy of a 2:1 adduct, 
as illustrated by [(PMe3)2(CO)2Fe(S2CnH2n)Fe(CO)(dppv)(NO)]+ (Scheme 3).   
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Figure 4.51. Pathway Proposed for Substitution of [7’]+ by PMe3. 
 
 
5)  Cyanation induced nitrosyl migration.  The facility of the intermetallic migration of NO+ 
limits the range of isolable substituted products.  It was found that cyanide substitution reactions 
tended to result in nitrosyl ligands cis to cyanide.  It is likely that these reactions occur via the 
intermediacy of -NO complexes which would facilitate the relocation of NO+ from one metal to 
another (Figure 4.52). 
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Figure 4.52.  Proposed Mechanism of Cyanide-Induced Migration of NO. 
 
6) Mild reduction potentials.  Nitrosyl derivatives of the diiron(I) dithiolates reduce at potentials 
approximately 1 V milder than for related complexes.49  For example Fe2(S2C2H4)(CO)4(PMe3)2 
reduces at ~-1.5 V vs Ag|AgCl, whereas the nitrosyl derivatives reduce at ~-0.5 V.  The effect of 
replacing CO by NO+ is equivalent to protonation of the related CO derivative.50  Reduction of 
diiron nitrosyl is localized on the nitrosyl ligand.  Oxidation of these complexes occurred at very 
positive potentials, usually beyond the reach of practical synthetic utility. 
7) High rotational barriers.  The isolation of two rotamers separated by substantial (~12 
kcal/mol) barriers, as in the case of [5’ap]+ and [5’ba]+, is unprecedented within the chemistry of 
diiron(I) dithiolato carbonyls.  High barriers to isomerization are implicated for mixed-valence 
diiron dithiolates which also feature semibridging CO ligands.35  A “turnstile” mechanism42,50 is 
assumed to describe the interconversion of [5’ap]+ and [5’ba]+  (Figure 4.53). 
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Figure 4.53.  View down the Fe-Fe axis, showing the proposed pathway for interconversion of [5’ap]+ and [5’ba]+. 
 
8)  Exceptionally low basicity.  Unlike most diiron dithiolates, these nitrosyl complexes were 
almost always not observed to protonate, even in the presence of excess triflic acid in non-basic 
solvent (CH2Cl2).  The highly acidified mixtures eventually decomposed.  The only observed 
exception was in the case of cyano nitrosyl complexes in which protonation occurred at cyanide, 
although these species were not observed to isomerizes to metal hydrides.  The impact of NO+ on 
diiron dithiolates is such that the basicity at Fe is dramatically lowere because NO+ is an 
exceptionally powerful withdrawing ligand. 
 
Experimental Section 
 Procedures and materials have recently been described.19  NOBF4 was sublimed at 200 ºC 
(0.02 mm Hg).51  All IR spectral bands are reported in cm-1. 
[Fe2(S2C2H4)(CO)4(PMe3)(NO)]BF4, [4]BF4.  At -30 ºC, a mixture of 0.350 g (0.83 
mmol) of Fe2(S2C2H4)(CO)5(PMe3) and 0.095 g (0.81 mmol) of NOBF4, in 20 mL of CH2Cl2 
gave an intensely red solution over the course of 6 h.  After concentrating the reaction to ~2 mL, 
the product precipitated upon addition of ~50 mL of hexanes and stirring for several minutes.  
The product was recrystallized by extraction into ~2 mL of CH2Cl2 followed by the addition of 
50 mL of hexanes.  Yield: 0.303 g (72%).  Layering of a CH2Cl2 solution of 1 with hexanes 
afforded red single crystals after several days at -30 ºC.  500 MHz 1H NMR (CD2Cl2):  3.23 
(ddd, JH-H = 4.3, 8.2, 12.5, 1H, SCH2), 3.07 (ddd, JH-H = 4.5, 8.0, 17.3, 1H, SCH2), 2.94 (ddd, JH-
H = 4.4, 8.0, 17.1, 1H, SCH2), 2.88 (ddd, JH-H = 4.4, 8.0, 17,1, 1H, SCH2), 1.85 (d, JP-H = 11.6, 
9H, PMe3).  202 MHz 31P NMR (CD2Cl2, 20 ºC):  21.4 (s).  (CD2Cl2, -75 ºC):  23.3 (s).  IR 
(CH2Cl2): CO = 2091, 2042; NO = 1824 cm-1.  ESI-MS: m/z = 421.9 (M+).  Anal. Calcd for 
C9H13BF4Fe2NO5P2S2 (found): C, 21.25 (20.96); H, 2.49 (2.49); N, 2.75 (2.69). 
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[Fe2(S2C3H6)(CO)4(PMe3)(NO)]BF4, [4’]BF4.  This compound was prepared as for 1 
starting from 0.189 g (0.36 mmol) of Fe2(S2C3H6)(CO)5(PMe3) and 0.048 g (0.41 mmol) of 
NOBF4.  Yield: 0.131 g (58%).  500 MHz 1H NMR (CD2Cl2):  2.72 (m, 2H, SCH2), 2.56 (m, 
2H, SCH2), 2.15 (m, 1H, CH2), 2.03 (m, 1H, CH2), 1.84 (d, JP-H = 11.4, 9H, PMe3).  202 MHz, 
31P NMR (CD2Cl2, 20 ºC): 30.0 (s), (CD2Cl2, -80 ºC): 32.3 (s), 24.9 (s).  IR (CH2Cl2): CO = 
2089, 2036; NO = 1813 cm-1.  ESI-MS: m/z = 421.9 (M+).  Anal. Calcd for 
C9H13BF4Fe2NO5P2S2 (found): C, 22.97 (23.33); H, 2.89 (2.68); N, 2.68 (2.63).  
[Fe2(S2C2H4)(CO)3(PMe3)2(NO)]BF4, [5]BF4.  To a mixture of 0.400 g (0.85 mmol) of 
Fe2(S2C2H4)(CO)4(PMe3)2 and 0.100 g (0.86 mmol) of NOBF4, cooled to 0 ºC, was added 10 mL 
of CH2Cl2.  After 3h, the dark brown-colored reaction mixture was concentrated in vacuo and 
precipitated upon addition of 50 mL hexanes.  Recrystallization from 1:6 CH2Cl2:hexane 
mixtures provided analytically pure product.  Yield: 0.435 g (91%).  Layering of a CH2Cl2 
solution of the product with hexanes followed by cooling at -30 °C, afforded deep red single 
crystals.  1H NMR (CD2Cl2):  2.98 (m, 2H, SCH2), 2.82 (m, 1H, SCH), 2.74 (m, 1H, SCH), 1.75 
(d, JP-H = 11.2, 9H, PMe3), 1.69 (d, JP-H = 9.8, PMe3).  31P NMR (CD2Cl2, 20 °C):  31.2 (bs), 
28.4 (bs);  (CD2Cl2, -90 °C):  34.5 (s), 34.0 (s).  IR (CH2Cl2): CO = 2035, 1980; NO = 1793.  
ESI-MS: m/z = 470.1 (M+).  Anal. Calcd for C11H22BF4Fe2NO4P2S2 (found): C, 23.73 (23.78); H, 
3.98 (4.26); N, 2.53 (2.54). 
[Fe2(S2C3H6)(CO)3(PMe3)2(NO)]BF4, [5’]BF4.  The preparation was modeled after that 
for 2 from 0.504 g (1.05 mmol) of Fe2(S2C3H6)(CO)4(PMe3)2 and 0.121 g (1.04 mmol) of 
NOBF4.  Yield: 0.382 g (64%).  Layering of a CH2Cl2 solution of the product with hexanes 
followed by cooling to -30 °C, afforded dark brown needles.  1H NMR (CD2Cl2):  2.58 (m, 2H, 
SCH2), 2.45 (m, 2H, SCH2), 1.10 (m, 2H, CH2), 1.78 (d, JP-H = 11.6, 9H, PMe3), 1.72 (d, JP-H = 
10.1, 9H, PMe3).  31P NMR (CD2Cl2, 20 °C):  33.7 (bs), ~19 (bs, v. br); (CD2Cl2, -40 °C): 37.2 
(s), 33.8 (s), 31.2 (s), 13.1 (s); (CD2Cl2, -90 °C):  41.4 (s), 38.7 (s), 36.4 (s), 34.0 (s), 32.0 (s), 
14.6 (s), 13.4 (s).  Integrations indicate that the 34.0 peak consists of two overlapping signals.  
IR (CH2Cl2): CO = 2033, 1981, NO = 1787.  ESI-MS: m/z = 484.0 (M+).  Anal. Calcd for 
C12H24BF4Fe2NO4P2S2 (found): C, 25.25 (25.07); H, 4.24 (4.20); N, 2.45 (2.40). 
[Fe2(S2C3H6)(CO)2(PMe3)3(NO)]BF4, [6’]BF4.  To a solution of 0.141 g (0.25 mmol) 
[Fe2(S2C3H6)(CO)3(PMe3)2(NO)]BF4 in 10 mL of CH2Cl2, cooled to -78 °C, was added 1.27 mL 
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of a 0.193 M solution of PMe3 (0.25 mmol) in CH2Cl2.  The solution was warmed to room 
termperature and maintained at that temperature until all of the intermediate ([Fe2(S2C3H6)(-
CO)(CO)2(PMe3)3(NO)]BF4) had converted to 3’ (~ 2.5 h).  The red product precipitated from 
solution upon addition of 50 mL of hexanes followed by removal of approximately 1/6 of the 
total volume in vacuo.  Yield: 0.115 g (75%).  Layering of a CH2Cl2 solution of the product with 
hexanes, followed by cooling this mixture to -30 °C, afforded dark red cubic single crystals after 
several days.  1H NMR (CD2Cl2):  2.41 (m, 2H, SCH2), 2.18 (m, 1H, CH2), 2.11 (m, 2H, 2H, 
SCH2), 1.76 (d, JP-H = 8.9, PMe3), 1.71 (m, 1H, CH2), 1.60 (s, 18H, PMe3).  31P NMR (CD2Cl2, 
20 °C):  20.8 (s, 1P, Fe(CO)2(PMe3)), 6.4 (s, 2P, Fe(PMe3)2(NO)); (CD2Cl2, -40 °C):  20.8 (s, 
1P, Fe(CO)2(PMe3)), 7.5 (s, 2P, Fe(PMe3)2(NO)).  IR (CH2Cl2): CO = 1991, 1939; NO = 1755.  
ESI-MS: m/z = 532.3 (M+).  Anal. Calcd for C14H33BF4Fe2NO3P3S2 (found): C, 27.17 (27.26); H, 
4.24 (5.67); N, 2.26 (2.48).  CV (CH2Cl2, vs Ag|AgCl): Epc = -0.93, -1.49, Epa = 1.02, 1.20 
(reductions and oxidations were irreversible).  During the synthesis of 3’, in situ IR spectra 
(ReactIR 4000, Mettler Toledo) (CH2Cl2, -80 °C):  CO = 2034, 1984; NO = 1486.  IR (CH2Cl2, -
45 °C):  CO = 1953; -CO = 1984; NO = 1760. 
[Fe2(S2C2H4)(CO)3(dppv)(NO)]BF4, [7]BF4.  A slurry of 0.141 g (1.21 mmol) of 
pulverized NOBF4 in 20 mL CH2Cl2 was treated with a solution of 0.865 g (1.21 mmol) of 
Fe2(S2C2H4)(CO)4(dppv) in 100 mL of CH2Cl2.  The reaction mixture was immediately cooled to 
0 ºC and after 10 h, the deep red reaction mixture was concentrated in vacuo.  Addition of 50 mL 
of hexanes to the concentrated solution precipitated the dark red colored product.  Yield: 0.912 g 
(94%).  500 MHz 1H NMR (CD2Cl2):  8.6 – 7.2 (m, 20H, C6H5), 3.0 (dd, 2H, PCH), 2.05 (m, 
1H, SCH), 1.6 (m, 1H, SCH), 1.3 (m, 1H, SCH), 0.8 (m, 1H, SCH).  202 MHz 31P NMR 
(CD2Cl2, 20 °C):  77.1 (s, dppv), 72.0 (s, dppv).  31P NMR (CD2Cl2, -80 °C):  78.5 (s, dppv), 
73.3 (s, dppv).  IR (CH2Cl2): CO = 2070, 2006; NO = 1796 cm-1.  ESI-MS: m/z = 714.1 
([Fe2(S2C2H4)(CO)3(dppv)(NO)]+).  Anal. Calcd (Found) for C31H26BF4Fe2NO4P2S2: C, 46.86 
(46.86); H, 3.25 (3.27); N, 1.60 (1.75). 
 [Fe2(S2C3H6)(CO)3(dppv)(NO)]BF4, [7’]BF4.  This compound was prepared following 
the method described for [7]BF4.  Yield: 2.0 g (88%). 500 MHz 1H NMR (CD2Cl2, 20 ºC):  8.5 
– 8.2 (m, 20H, C6H5), 2.9 (bs, 2H, PCH), 2.6 (m, 4H, (SCH2)2CH2), 2.0 (m, 2H, (SCH2)2CH2).  
202 MHz 31P NMR (CD2Cl2, 20 °C):  69.7 (s, dppv).  31P NMR (CD2Cl2, -80 °C):  76.7 (s, 
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dppv), 75.1 (s, dppv), 72.4 (s, dppv), 69.5 (s, dppv).  IR (CH2Cl2): CO = 2069, 2005; NO = 1788 
cm-1.  ESI-MS: m/z = 728.1 ([Fe2(S2C3H6)(CO)3(dppv)(NO)]+).  Anal. Calcd (Found) for 
C31H26BF4Fe2NO4P2S2: C, 47.15 (46.56); H, 3.46 (3.41); N, 1.72 (1.86). 
 [Fe2(S2C2H4)(CO)2(NO)(PMe3)(dppv)]BF4, [8]BF4.  To a mixture of 0.200 g (0.263 
mmol) of Fe2(S2C2H4)(CO)3(dppv)(PMe3)19 and 0.030 g (0.263 mmol) of finely pulverized 
NOBF4 was added 15 mL of CH2Cl2.  After stirring for 5 min., the solution was concentrated to 
5 mL, and the dark red product was precipitated upon addition of 30 mL of hexanes.  Crystals 
were grown via slow diffusion of hexanes into a CH2Cl2 solution of the complex.  Yield: 0.19 g 
(86%).  31P NMR (CD2Cl2, 20 °C):  74.1 (s, dppv), 25.0 (s, PMe3).  31P NMR (CD2Cl2, -70 °C): 
 78.1 (s, dppv), 75.7 (s, dppv), 26.8 (s, PMe3), 23.0 (s, PMe3).  IR (CH2Cl2): CO = 2002, 1958, 
NO = 1775.  In situ spectra (ReactIRTM 4000, Mettler-Toledo) indicated the presence of 
[Fe2(S2C2H4)(CO)3(dppv)(PMe3)(NO)]BF4 after 3 h of vigorous stirring at -78 ºC:  (CH2Cl2): CO 
= 2037, 1992, 1957 NO = 1775.  ESI-MS: m/z = 762.2 ([Fe2(S2C2H4)(CO)(dppv)(PMe3)(NO)]+).  
Anal. Calcd (Found) for C33H35BF4Fe2NO3P3S2: C, 46.67 (46.66); H, 4.15 (4.37); N, 1.65 (1.62). 
Synthesis via Oxidation and Trapping with NO.  To a solution of 0.196 g (0.258 
mmol) of Fe2(S2C2H4)(CO)3(dppv)(PMe3)19 in 15 mL of CH2Cl2, cooled to -45 ºC, was added 
0.070 g (0.256 mmol) of FcBF4.  The IR spectrum of the purple solution displayed signals 
matching [Fe2(S2C2H4)(CO)3(dppv)(PMe3)]BF4.19  The reaction vessel was sealed and to the 
cooled solution was injected 6 mL (0.268 mmol) of NO gas.  After 1 h, the IR spectrum of the 
resulting deep red solution matched that for [8]BF4.  The product precipitated upon addition of 
60 mL of hexanes.  Yield: 0.116 g (53%).  Analogous procedures were followed for the 
sequential oxidation and trapping of Fe2(S2C3H6)(CO)4(dppv) to give 
[Fe2(S2C3H6)(CO)3(dppv)(NO)]BF4:  To a solution of 0.045 g (0.062 mmol) of Fe2S2C3H6 in 5 
mL of CH2Cl2, cooled to -45 ºC, was added a solution of 0.017 g (0.062 mmol) of FcBF4 in 5 mL 
of CH2Cl2.  To the resultant reaction mixture was added 3.2 mL of NO (0.124 mmol), and the 
reaction vessel was sealed.  After 20 min, the IR spectrum matched that of [2(CO)3]BF4, and the 
product was precipitated upon addition of 50 mL of hexanes.  Yield: 77%. 
[Fe2(S2C2H4)(CO)(dppv)2(NO)]BF4, [9]BF4  To a solution of 0.150 g (0.142 mmol) of 
Fe2(S2C2H4)(CO)2(dppv)2 in 20 mL of CH2Cl2, cooled to -45 ºC, was added 0.039 g (0.142 
mmol) of FcBF4.  An immediate IR spectrum of the dark brown solution displayed signals 
attributed to [Fe2(S2C2H4)(CO)(-CO)(dppv)2]BF4: CO = 1959 (s), 1887 (w, br) cm-1.52  The 
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reaction vessel was sealed and to the cooled solution was injected 3.6 mL (0.161 mmol) of NO 
gas.  After 1 h, the resultant dark brown solution displayed an IR spectrum corresponding to 
[1(CO)(dppv)]BF4.  The solution was warmed to room temperature and concentrated in vacuo to 
~ 5 mL.  The product precipitated upon addition of 30 mL of Et2O.  Impurities observed in the 
31P NMR spectrum can be removed after several recrystallizations from CH2Cl2-Et2O.  Yield: 
0.080 g (49%).  1H NMR (CD2Cl2):  8.2 – 6.8 (m, 40H, dppv), 1.7 – 0.8 (m, 4 H, SCH2CH2S).  
31P NMR (CD2Cl2, 20 °C):  101.7 (br s, dppv), 87.8 (broad s, dppv), 81.2 (br s, dppv), 74.9 (br 
s, dppv).  IR (CH2Cl2): CO = 1928, NO = 1760 cm-1.  ESI-MS: m/z = 1054.2 
([Fe2(S2C2H4)(CO)(dppv)2(NO)]+).  Acceptable CHN analyses were not be obtainable.  Anal. 
Calcd (Found) for C55H48BF4Fe2NO2P4S2: C, 57.87 (56.00); H, 4.24 (4.00); N, 1.23 (1.31).  
Excess of NOBF4 gave Fe(dppv)(NO)2:53 NO = 1718 and 1666 cm-1; ESI-MS: m/z = 512. 
Alternative routes were examined: addition of dppv to 1(CO)3, and treatment of 
Fe2(S2C2H4)(CO)2(dppv)2 with NOBF4.  The raw product contained the targeted complex as well 
as unidentified impurities as indicated by the 31P NMR and IR spectra.  Treatment of 
[Fe2(S2C2H4)(CO)2(dppv)2(NO)]BF4 with NOBF4 produced Fe(NO)2(dppv).53 
NEt4[Fe2(S2C2H4)(CN)2(CO)(dppv)(NO)], [12]BF4.  A solution of 0.503 g (0.63mmol) 
of [1(CO)3]BF4 in 30 mL of MeCN was cooled to -45 ºC followed by treatment with a solution 
of 0.199 g (1.3 mmol) of NEt4CN in 30 mL of MeCN, also cooled to -45 ºC.  The solution 
immediately darkened, and after 3 h, the dark brown solution was allowed to warm to room 
temperature followed by stirring overnight.  After the solvent was removed in vacuo, the residue 
was extracted into 5 mL of CH2Cl2 and the product was precipitated by the addition of 30 mL of 
Et2O.  IR (CH2Cl2): CN = 2100, CO = 1923, NO = 1719.  31P NMR (CD2Cl2, 20 °C):  96.1 (s, 
dppv).  31P NMR (CD2Cl2, -60 °C):  99.3 (d, JP-P = 22.4, dppv), 94.1 (d, JP-P = 22.4, dppv).  MS 
ESI:  m/z = 710.0 ([Fe2(S2C2H4)(CN)2(CO)(dppv)(NO)]+), 682.0 
([Fe2(S2C2H4)(CN)2(dppv)(NO)]+).  Suitable CHN analyses were not be obstained. 
[Fe2(S2C2H4)(CO)(CN)(dppv)(PMe3)(NO)]BF4, [12]BF4.  A solution of 0.221 g (0.26 
mmol) of [1(CO)2(PMe3)]BF4 in 30 mL of CH2Cl2 was treated with a solution of 0.041 g (0.26 
mmol) of NEt4CN in 10 mL MeCN.  After 60 min., the dark brown-colored reaction mixture was 
evaporated in vacuo, and the residue was extracted into 30 mL of toluene.  The dark red-colored 
extract was concentrated followed by dilution with 30 mL of hexanes to precipitate the product.  
Yield: 0.065 g (33%).  1H NMR (d8-toluene):  8.5 – 6.7 (m, C6H5 and P2C2H2), 2.1 – 1.6 (m, 
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S2C2H4), 1.26 (d, JP-H = 9.9, 9H, PCH3).  31P NMR (CD2Cl2, 20 °C):  95.3 (d, JP-P = 20.9, dppv), 
74.2 (d, JP-P = 24.5, dppv), 7.9 (s, PMe3).  IR (CH2Cl2): CN = 2096, CO = 1910, NO = 1734.  
FD-MS: m/z = 760 ([Fe2(S2C2H4)(CN)(CO)(dppv)(PMe3)(NO)]+).  Anal. Calcd (Found) for 
C33H35Fe2N2O2P3S2: C, 52.54 (52.13); H, 4.72 (4.64); N, 3.53 (3.68). 
CO Binding Experiments.  In a typical experiment, onto ~8 mg of the diiron complex in 
a J. Young NMR tube was distilled 0.7 mL of CD2Cl2, and the solution was frozen in an 
isopentane/N2 bath and the tube was evacuated.  The tube was then pressurized with 1 atm of 
CO.  After cooling to the appropriate temperature within the spectrometer, the reaction mixture 
was allowed to equilibrate until no significant changes were observed (typically ~30-60 min).  
The probe temperature was calibrated with a methanol standard.  [2’CO]BF4: 31P NMR (CD2Cl2, 
-80 °C):  21.2 (s, 1P).  IR (CH2Cl2, -80 ºC): CO = 2038, 2003; NO = 1513.  [2CO]BF4: 31P 
NMR (CD2Cl2, -80 °C):  22.1 (s, 1P).  IR (CH2Cl2, -80 ºC): CO = 2038, 2011, 1999; NO = 
1498.  [3’CO]BF4:  (CD2Cl2, -80 °C):  19.5 (s, 1P), 19.3 (s, 1P), 18.2 (s, 1P), 18.1 (s, 2P), 17.5 
(s, 1P).  The low temperature 31P NMR spectrum indicated that [3’CO]BF4 consists of two 
isomers; one with 3 inequivalent phosphines, and the other containing 2 equivalent and 1 
inequivalent phosphine. 
Isotopic Labeling Experiments.  J. Young NMR tubes were pressurized to ~0.3 atm of 
13CO, sealed, thawws in a CH2Cl2/N2 slush bath and then immediately transferred to a 
spectrometer, where the probe was cooled to the appropriate temperature.  A series of spectra 
were collected containing some combination of the following peaks:  13C NMR (CD2Cl2, -80 
°C):  222.2 (d, JC-P = 25.1, 2’), 211.3 (d, JC-P = 12.0, [5’]+), 210.8 (d, JC-P = 10.4, [5’(CO)ap]+), 
205.9 (d, JC-P = 20.7, [5’]+), 203.3 (d, JC-P = 16.5, [5’(CO)ba]+). 
1. The initial spectrum at -80 ºC showed a doublet at  210.8 and a weak signal at  205.9. 
2. The sample was then warmed briefly by ejecting it followed after 5 s by reinjecting it into 
the -80 ºC probe.  The resultant spectrum showed signals at  210.8 and 205.9 of 
comparable intensity. 
3. The sample was then ejected, warmed at 20 ºC for ~5 min and then reinserting into the -
80 ºC probe, the spectrum feature all five signals listed above.   
4. a.  The sample was ejected, warmed to 20 °C for 5 min, and then vented to air.  After 
cooling back to -80 ºC, the spectrum showed peaks at  222.2, 211.3, and  205.9. 
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b. Alternatively, the sample could be subjected to several freeze/pump/thaw cycles 
using a CH2Cl2/N2 slush bath.  The spectrum (-80 ºC) consisted of a major signal 
at  205.9 and weaker signals at  222.2 and 211.3. 
[Fe2(S2C2H4)(CO)3(dppv)(PMe3)2(NO)]BF4, [7(PMe3)2]BF4.  Onto a frozen solution of 
0.206 g (0.26 mmol) of [1(CO)3]BF4 in 10 mL of CH2Cl2 was distilled 1 mL of PMe3.  The 
mixture was allowed to thaw at -78 ºC, warmed in an ice water bath for 1 min, followed by 
cooling again to -78 ºC.  The IR spectrum of the reaction mixture indicated [1(CO)3(PMe3)2]BF4.  
Addition of 50 mL of hexanes to the reaction mixture yielded a dark brown oil that was dried in 
vacuo.  IR spectra of the redissolved material contained showed traces of [1(CO)2(PMe3)]BF4, 
indicative of the thermal instability of [1(CO)3(PMe3)2]BF4.  31P NMR (CD2Cl2, 0 °C), A,B, and 
C correspond to three isomers:  98.4 (d, JP-P = 48.3, dppv A), 98.0 (d, JP-P = 44.3, dppv B), 97.3 
(d, JP-P = 39.7, dppv C), 81.5 (d, JP-P = 48.9, dppv A), 81.3 (d, JP-P = 45.8, dppv B), 78.8 (d, JP-P 
= 38.4, dppv C), 25.3, 17.8 (d, J = 64.1, PMe3 C), 17.0 (d, J = 62.5, PMe3 A), 10.0 (ABq, J = 
292, JAB = 245, PMe3 B),  6.4 (d, J = 64.2, PMe3 C), 5.4 (d, J = 65.6, PMe3 A). 
Crystallization of [Fe2(S2C3H6)(CO)3(dppv)(PMe3)2(NO)]BF4, [7’(PMe3)2]BF4.  
Approximately 0.2 mL of PMe3 was distilled onto a frozen solution of 0.070 g of [1(CO)3]BF4 in 
7 mL of CH2Cl2.  Aliquots briefly warmed (<2 min.) to room temperature displayed an IR 
spectrum that indicated the presence of [2(CO)3(PMe3)2(NO)]BF4.  IR (CH2Cl2): CO = 2021, 
1971, 1951.  NO = 1721 cm-1.  NMR (CD2Cl2, -20 ºC): A, B, and C correspond to three isomers: 
 97.4 (d, JP-P = 34.2, dppv A), 95.0 (d, JP-P = 28.6, dppv B), 78.2 (d, JP-P = 38.2, dppv A), 76.9 
(d, JP-P = 29.0, dppv B), 15.9 (d, JP-P = 71.6, PMe3 A), 15.2 (d, JP-P = 72.4, PMe3 C), 9.0 (ABq, J 
= 964.5, JAB = 193, PMe3 B), 4.1 (d, JP-P, PMe3 A), 2.8 (d, JP-P = 71.9, PMe3 C).  The dppv 
signals for isomer C are not reported because of overlap with isomer A’s signals).  The reaction 
mixture was thawed to -45 ºC followed by transfer via cannula to a Schlenk tube cooled to -78 
ºC.  This solution was layered with 50 mL of a 1/1 mixture of Et2O and hexane and stored at -30 
ºC.  After 1 week, red rhombs were visible. 
Reaction of [7]+ with 1 equiv PMe3.  To a J. Young NMR tube was added a solution of 
0.025 g (0.03 mmol) of [7]BF4 in 1 mL of CD2Cl2.  The solution was frozen in liquid nitrogen, 
and to it was added 0.3 mL of a 0.13 M solution of PMe3 in CH2Cl2.  The tube was immediately 
capped, immersed in liquid nitrogen, and evacuated.  The contents were allowed to warm and 
were monitored by NMR spectroscopy at various temperatures.  At -38 °C, no reaction was 
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observed.  Upon warming to 0 °C, partial consumption of [7]BF4 and nearly complete 
consumption of PMe3 was accompanied by growth of several peaks.  These peaks were assigned 
to one major (“B”) and two minor (“A” and “C”) intermediates (see above spectra assignments).  
Upon warming to room temperature overnight, conversion of the remaining intermediate(s) to 
[1(CO)2(PMe3)]BF4 was observed. 
Relative Electrophilicity of [Fe2(S2C2H4)(CO)3(dppv)(NO)]+.  To a solution of 0.015 g 
(0.02 mmol) of [Fe2(S2C2H4)(CO)3(dppv)(NO)]BF4 and 0.014 g (0.02 mmol) of 
Fe2(S2C2H4)(CO)4(dppv) in 5 mL of CH2Cl2 was added 0.5 mL of 0.19 M solution of PMe3 in 
CH2Cl2.  The reaction was monitored by IR spectroscopy over the course of 7 h during which 
time the absorption bands for [1(CO)3(NO)]BF4 decayed and those for [1(CO)3(PMe3)(NO)]BF4 
increased.  The bands for Fe2(S2C2H4)(CO)4(dppv) remained unchanged. 
Semi-quantitation of Catalytic Proton Reduction.  An electron transfer followed by a 
fast catalytic reaction can be formulated by the following equations: 
O  +  ne-                         R
R  +  Z                      P
E1/2
k'
 
where k’ is the rate constant for the reaction of reagent Z with the reduced species R to give 
product P.  When the concentration of Z is large compared to the concentration of the catalyst 
and the potential sufficiently negative with respect to E1/2, the catalytic current ik is given by the 
following relation:40 
ik  nFACO k' DCz  
where n is the number of electrons involved in the catalytic process, F the Faraday constant, A 
the area of the electrode, and D the diffusion coefficient for the catalyst.  For graphs of ik against 
Cz1/2, the slope is nFACO(k’D)1/2.  The value for ACOD1/2 can be obtained from the voltammetric 
peak current, ip, of the catalyst in the absence of acid: 
ip = 2.69  105 n3/2AD1/2COv1/2 
where v is the potential scan rate. 
DNMR Measurements.  With peaks at -30 ºC labeled from left to right as A, B, C, and 
D:  Coalescence of peaks A and C occurs at Tc ≈ 10 ºC with  = 560 Hz.  The coalescence of 
peaks B and D occurs at Tc ≈ 25 ºC with  = 2700 Hz.   
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kc = ()/(21/2) 
G‡ = 19.14TC[10.32 + log(TC/kc)] 
These value correspond to the activation free energies of 51.4 and 52.4 kJ/mol 54   
X-ray Crystallography.  Crystals were mounted on a thin glass fiber using Paratone-N 
oil (Exxon).  Data, collected at 198 K on a Siemens CCD diffractometer, were filtered to remove 
statistical outliers.  The integration software (SAINT) was used to test for crystal decay as a bi-
linear function of X-ray exposure time and sin().  The data were solved using SHELXTL by 
Direct Methods; atomic positions were deduced from an E map or by an unweighted difference 
Fourier synthesis.  H atom U’s were assigned as 1.2Ueq for adjacent C atoms.  Non-H atoms 
were refined anisotropically.  Successful convergence of the full-matrix least-squares refinement 
of F2 was indicated by the maximum shift/error for the final cycle.  The assignment of NO vs CO 
was tested by refining the cations with these ligands interchanged.  Optimal refinements were 
found only for cases with the Fe(dppv)(NO) centers. 
X-ray Powder Diffraction.  Powder diffraction patterns for [5’ap]+ and [5’ba]+ were 
calculated from the single crystal data using Topas, Version 3, by Bruker AXS. 
DFT Calculations.  DFT calculations were carried out using the BP86 functional55 and a 
valence triple- basis set with polarization on all atoms (TZVP),56 a level of theory which has 
been found to give reliable results for analogous organometallic compounds.57  Stationary points 
of the energy hypersurface have been located by means of energy gradient techniques and a full 
vibrational analysis has been carried out to further characterize each stationary point.  Partial 
atomic charges have been computed according to the Natural Bond Orbital (NBO) scheme.58 
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Figure 4.54.  DFT optimized structures of [5’ba]+ (left) and [5’ap]+ (right). Atoms are colored according to the 
following scheme. Oxygen: red, nitrogen: blue, carbon: green, iron: cyan, sulfur: yellow, and phosphorous: purple.  
Please note that [5’ba]+ was determined to be the most stable isomer (0 kcal/mol) and [5’ap]+ was determined to be 
the next most stable isomer (2.94 kcal/mol uphill, relative to [5’ba]+). 
 
 
 
Figure 4.55.  DFT optimized structures of Fe2(S2C3H6)(CO)4(PMe3)2 with trans dibasal PMe3 ligands (left) and 
apical-basal PMe3 ligands (right). Atoms are colored according to the following scheme. Oxygen: red, nitrogen: 
blue, carbon: green, iron: cyan, sulfur: yellow, and phosphorous: purple. 
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Figure 4.56.  DFT optimized structures of [Fe2(S2C3H6)(CO)4(PMe3)2]+ with trans dibasal PMe3 ligands (left) and 
apical-basal PMe3 ligands (right). Atoms are colored according to the following scheme. Oxygen: red, nitrogen: 
blue, carbon: green, iron: cyan, sulfur: yellow, and phosphorous: purple. 
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Figure 4.57.  Isomers of [5’]+ investigated by DFT in this work.  Total molecular energies are given in Hartree (all 
values shifted by 4834 Hartree), while relative energies (in parenthesis) using [5’ba]+, the computationally most 
stable isomer, as a reference.  For the sake of clarity, isomers have been drawn with all ligands in a terminal 
position, even if geometry optimization converges to semi-bridged or bridged forms. Isomers with two phosphine 
ligands coordinated to the same iron atom are always higher in energy (by more than 10 kcal mol-1) relative to the 
most stable isomer. Multiple energy values are reported for isomers (2’-2 and 2’-3) for which more than one 
conformation has been obtained by DFT optimization. 
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2’-1                                2’-2i                               2’-3i 
 [Fe1-N(O) = 3.01]                    [Fe1-N(O) = 3.00]                     [Fe1-N(O) = 3.00]        
                                                                       
                          
2’-2ii                                               2’-3ii 
[Fe1-N(O) = 2.14]                                          [Fe1-N(O) = 2.12] 
 
 
2’-4                                2’-5                               2’-6 
[Fe1-N(O) = 2.94]                    [Fe1-N(O) = 3.23]                     [Fe1-N(O) = 2.12]   
Figure 4.58.  DFT optimized structures of all isomers of [5’]+ (from 2’-1 to 2’-18). Different conformations of the 
same isomer are labeled as i and ii. Enantiomeric structures are not shown for the sake of clarity. The labels Fe1 and 
Fe2 correspond to left and right iron atoms. All distances in Å. Atoms are colored according to the following 
scheme. Oxygen: red, nitrogen: blue, carbon: green, iron: cyan, sulfur: yellow, and phosphorous: purple. 
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                2’-7 ≡ 2’ap                    2’-8 ≡ 2’ba                        2’-9 
[Fe1-C(O) =2.78]                    [Fe1-C(O) =2.32]                     [Fe1-C(O) =2.64]   
 
      
                   2’-10                           2’-11                             2’-12 
[Fe2-N(O) =3.17]                    [Fe2-N(O) =3.13]                     [Fe2-N(O) =3.17] 
 
 
                   2’-13                           2’-14                             2’-15 
[Fe2-N(O) =3.07]                    [Fe2-N(O) =3.39]                     [Fe2-N(O) =3.20] 
                            
                   2’-16                           2’-17                             2’-18 
[Fe2-C(O) =2.95]                    [Fe2-C(O) =2.81]                     [Fe2-C(O) =2.88] 
Figure 4.58. cont. DFT optimized structures of all isomers of [5’]+ (from 2’-1 to 2’-18). Different conformations of 
the same isomer are labeled as i and ii. Enantiomeric structures are not shown for the sake of clarity. The labels Fe1 
and Fe2 correspond to left and right iron atoms. All distances in Å. Atoms are colored according to the following 
scheme. Oxygen: red, nitrogen: blue, carbon: green, iron: cyan, sulfur: yellow, and phosphorous: purple. 
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Chapter 5:  Regiochemistry of Electrophilic Attack on 
Diiron Dithiolates 
 
 
Introduction 
The hydrogenase enzymes have attracted intense interest due to their ability to reversibly 
interconvert protons, electrons, and H2 under mild conditions and at exceptional rates.  The 
crystallographic identification of the [FeFe] hydrogenase active site has prompted a resurgence 
of interest in the basic organometallic chemistry of diiron dithiolato carbonyls.  The active site, 
commonly referred to as the H-cluster, contains a diiron core that is bridged by a dithiolate 
cofactor and is tethered to the protein by a cysteine residue.  The remaining ligands are 
biologically unusual: terminal cyanides, terminal carbonyls, and a carbonyl that bridges the two 
irons.  It is noteworthy that reactivity of the active site involves a terminal coordination site on a 
single Fe.  The H-cluster closely resembles a familiar family of compounds of the formula 
Fe2(SR)2(CO)6-nLn, that were first discovered by Reihlen et. al. in 1928.1   We and others have 
explored the substitution chemistry of these compounds and its effect on their redox potentials 
and basicities.  These properties have come under renewed scrutiny in order to understand how 
the H-cluster efficiently catalyzes proton reduction. 
The reactivity of Fe2(SR)2(CO)6-n(L)n compounds with electrophiles was initially studied 
by Hieber2 and Haines3 who found that halogens acted X+ sources and resulted in bridging halide 
complexes (Figure 5.1).  When the diiron dithiolate core is complemented with monodentate 
phosphines and phosphites, these complexes are stable.  However, the unsubstituted 
hexacarbonyl complexes further react with the halide counter anion to afford the neutral dihalide 
product.  This reactivity pattern is altered by chelation affects; ethanedithiolate favors the -X 
core, while the diphosphine dppm favors the dihalide core.  Poilblanc et. al. later showed that the 
metal-metal bond could also be protonated and that the basicity of the metals is dependent upon 
the donor strength of the ancillary ligands on Fe. 
 
 190
 
Figure 5.1.  Effect of ligand substitution on the reaction of 34 e− diiron dithiolates with halogen electrophiles. 
 
Since then a variety of other electrophiles such as SMe+,4 activated alkynes5 and activated 
alkenes6 have been shown to also add across the metal-metal bond (Figure 5.2).  In contrast, 
alkylation agents apparently attack at the sulfur atom of the dithiolate, yielding mixed thiolate 
thioester ligands.7  Attack at sulfur has also been observed with m-chloroperbenzoic acid.8  When 
pendant organic bases are present as with the biologically relevant azadithiolate cofactor, 
protonation is most rapid at that site.  The ligand-protonated species then intramolecularly 
isomerizes to the hydride.9 
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Figure 5.2.  Addition of various electrophiles to 32e− diiron dithiolate complexes. 
 
Recently it was discovered that diiron dithiolate carbonyls initially protonate terminally 
prior to rearrangement to the thermodynamically favorable bridging hydride.10  With this in mind, 
as well as the potential to expand the scope of these traditional proton-reducing catalysts, we 
surmised that other electrophiles add terminally prior to isomerization to the bridging position. 
 
 
Results and Discussion 
 
SMe+ Adducts. 
We initiated our studies by reinvestigating the addition of the electrophile SMe+ to diiron 
dithiolates.  It was previously reported that Fe(S2C3H6)(CO)4(PMe3)2 reacts with [Me3S2]BF4 
overnight at 22 °C to afford the bridging sulfide complex [Fe(S2C3H6)(-
SMe)(CO)4(PMe3)2]BF4, [13(-SMe)]+.  When we repeated this synthesis, we found that aliquots 
of the initial reaction mixture contained a mixture of products as indicated by the IR spectrum.  
Attempts to study this reaction at low temperatures were complicated by the poor solubility of 
[Me3S2]BF4 in CH2Cl2..  Treatment of Fe2(S2C3H6)(CO)4(PMe3)2 with [Me3S2]BArF4 at -78 °C 
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cleanly afforded a dark green solution of the intermediate that we propose is [Fe2(S2C3H6)(t-
SMe)(CO)4(PMe3)2]+, [13(t-SMe)]+, where t-SMe indicates a terminal thiolate.  The IR spectrum 
of this terminal thiolate complex indicated the presence of a bridging carbonyl ligand with CO 
= 1895 cm-1 (Figure 5.3).  Upon warming to 23 °C, this cation was found to isomerize via a first-
order process to the bridging thiolate with t1/2 of 17 min (k = 6.676 x 10-4 s-1, Figure 5.4).  The 
31P NMR spectrum confirmed that [13(t-SMe)]+ is unsymmetrical, but on warming isomerizes to 
a complex containing a bridging thiolate [13(-SMe)]+ (Figure 5.1). 
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Figure 5.3.  Left:  IR spectra (CH2Cl2) and of [13(t-SMe)]+ (top) and [13(-SMe)]+ (bottom). 
Right:  31P{H1} spectra (CD2Cl2) of [13(t-SMe)]+ (top) and [13(-SMe)]+ (bottom). 
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Figure 5.4.  Plot of concentration vs time for the isomerization of [13(t-SMe)]+ to [13(-SMe)]+. 
 
 
Eq 5.1 
 
 We were able to crystallize [13(t-SMe)]+ by the slow diffusion of hexanes into a CH2Cl2 
solution at -30 °C.  The solid-state structure confirmed the presence of a terminal thiolate which 
is trans to a bridging carbonyl (Figure 5.5).  The bridging carbonyl is unsymmetrical and tilted 
towards Fe-SMe, consistent with its strong -donor properties.11  The terminal thiolate methyl 
group is oriented away from the propanedithiolate ligand and away from the PMe3 ligand.  The 
phosphine ligands in this adduct are in a trans dibasal arrangement, which contrasts the cis 
dibasal arrangement observed in the final product [13(-SMe)]+.   
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Figure 5.5.  Structure of [13(t-SMe)]BArF4 with thermal ellipsoids set at 35%.  Hydrogen atoms and counter anion 
have been omitted for clarity.  Key bond distances (Å) and angles (°):  Fe1-Fe2, 2.563(1); Fe2-S3, 2.3124(14); Fe2-
C6, 1.819(5); Fe2-C6, 2.306(6); C6-Fe1-Fe2, 43.47(13); C6-Fe2-Fe1, 60.72(17); S3-Fe2-C6, 163.85(18). 
 
 With the aim of synthesizing a novel Fe2I/I complex containing additional thiolate ligands, 
we attempted the chemical reduction of [13(t-SMe)]+.  Treatment of [13(t-SMe)]+ with one equiv 
of Cp2Co resulted in ~50% consumption of the starting of the diiron reagent.  Addition of second 
equivalent of Cp2Co consumed the remained of the starting material and yielded 13 as the only 
observable product by IR and 31P NMR spectroscopy.  Apparently, the reduction of [13(t-SMe)]+ 
occurs as a two electron process.  It is possible that this reaction follows the stoichiometry as 
shown in Eq 1, though we did not demonstrate the formation of SMe−. 
[13(t-SMe)]+    +    2e-        13    +    SMe− 
Eq 5.2 
 
Two equivalents of Cp2Co were also observed to reduce the bridging thiolate [13(-SMe)]+, 
affording 13. 
The addition of SMe+ was also explored with the diphosphine complex 
Fe2(S2C3H6)(CO)4(dppv).  Treatment of the diiron starting material with [Me3S2]BArF4 at -70 °C 
afforded the terminal thiolate [14(t-SMe)]+.  31P NMR spectroscopy of this species indicated that, 
unlike the related terminal hydride [14(t-H)]+, the initial isomer  ([14(t-SMe)]+) is unsymmetrical 
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and appears as a doublet of doublets.  Upon warming to −60 °C, [14(t-SMe)]+ was found to 
isomerize to an unsymmetrical intermediate ([14(t-SMe)]+-B).  After warming the sample to 
20 °C for 48 hours, 31P NMR spectroscopy indicated a complex mixture which we did not further 
identify.  After equilibrating for 10 days total, the solution consisted of several (possibly four) 
isomers of [14(-SMe)]+ each of which feature non-equivalent phosphine ligands.  
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Eq 5.3 
 
 
Diazonium Adducts. 
In order to probe the effect of electrophiles with -acceptor character, we studied the reaction of 
diiron dithiolates with diazonium reagents.  Difficulties associated with the low temperature 
insolubility of these reagents were circumvented by the employment of BArF4− salts.  Thus, salt 
metathesis of [N2C6H5]BF4 and KBArF4 afforded the highly soluble [N2C6H5]BArF4 which was 
characterized by spectroscopy. 
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Treatment of a CD2Cl2 solution of Fe2(S2C3H6)(CO)4(PMe3)2 at −71 °C with 
[N2C6H5]BArF4 cleanly afforded a dark blue-green solution of the adduct 
[Fe2(S2C3H6)(N2C6H5)(CO)4(PMe3)2]+, [13(t-N2C6H5)]+-A.  The 31P NMR spectrum of this 
solution confirmed the formation of an unsymmetrical species.  The IR spectrum at this stage 
featured, in addition to terminal CO bands near 2000 cm-1, a prominent band at ~1850 cm-1.  
The reactions of this complex were examined by in situ 31P NMR (Figure 5.6).  With a 
t1/2 of several minutes at -30 °C, [13(t-N2C6H5)]+-A converts to an unsymmetrical intermediate, 
[13(t-N2C6H5)]+-B.  At 20 °C, this species converted to two new isomers, one of which was 
symmetrical and the other unsymmetrical.  The IR spectrum of this mixture indicated the 
absence of -CO or terminal NN bands.  These isomers are proposed to differ with respect to the 
location of the PMe3 ligands, which are either apical-basal or dibasal.  
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Figure 5.6.  202 MHz 31P NMR spectra (CD2Cl2) of a mixture of 13 and [N2C6H5]BArF4 upon equilibration at -
30 °C (top) and after standing at 20 °C for 24 hours (bottom). 
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Eq 5.4 
 
 
Similar reactivity was observed for the p-chlorophenyl diazonium reagent 
[N2C6H4Cl]BF4, although the sluggish nature of this reaction illustrates the benefit of the BArF4− 
salt (Figure 5.7).  Vigorous stirring of mixtures of Fe2(S2C2H4)(CO)4(PMe3)2 and [N2C6H4Cl]BF4 
at -71 °C for several hours afforded a single product as indicated by in situ IR spectroscopy.  
This species is assigned as a complex with a terminal aryldiazanyl ligand, 
[Fe2(S2C2H4)(t-N2C6H4Cl)(CO)4(PMe3)2]BF4, in which CO is 1841 cm-1.  The slow nature of 
the reaction is attributed to the poor solubility of the diazonium reagent.  This experiment shows 
that terminal addition is not merely observed for the BArF4− salts. 
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Figure 5.7.  IR spectrum of [13(t-N2C6H4Cl)]BF4 (CH2Cl2 solution). 
 
Similar reactivity was observed for the diphosphine Fe2(pdt)(CO)4(dppv).  Treatment 
with [N2C6H5]BArF4  at -70 °C was found also to afford an adduct.  This complex is assigned to 
be the terminal adduct [Fe2(pdt)(CO)4(dppv)(t-N2C6H5)]+, [14(t-N2C6H5)]+, on the basis of IR 
spectroscopy which identified a broad low energy band at 1960 cm-1 corresponding to -CO.  The 
31P NMR spectroscopy showed that the initial cationic product is ([14(t-N2C6H5)]+-A).  At −60 
°C, this kinetic isomer rapidly isomerized to a symmetrical isomer ([14(t-N2C6H5)]+-B, see 
Figure 5.8) in which -CO 1930 cm-1.  These data are consistent with electrophilic attack at 
Fe(CO)3 with the dppv being apical-basal.  Rotation of the Fe(CO)(dppv) subunit resulted in the 
diphosphine adopting a dibasal configuration, which is confirmed by the chemical shift of this 
species in the 31P NMR spectrum.  Equilibration at room temperature resulted in isomerization to 
the complex with a bridging aryldiazanyl ligand ([2((-N2C6H5)]+).  The 31P NMR spectrum 
indicates a Cs symmetric compound with a dibasal diphosphine.  
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Figure 5.8.  31P NMR spectra (CD2Cl2) of a mixture of 14 and [N2C6H5]BArF4 in CD2Cl2 at  −70 °C (top), to −60 °C 
(middle), and to 20 °C (bottom).  The initial terminal aryldiazo species [14(t-N2C6H5)]+ (red squares) is 
unsymmetrical.  [14(t-N2C6H5)]+ converts to a symmetrical isomer (green circle) and finally isomerizes to the 
bridging aryldiazo complex [14(-N2C6H5)]+ (orange triangle).  Note the presence of small amounts of unreacted 14 
(blue diamonds). 
 
Eq 5.5 
 
 
Although the BArF4− salts of these aryldiazanyl complexes tend to afford tacky oils, the 
BF4− salts gave powders.  We crystallized the p-chloro derivative [2(-N2C6H4Cl)]BF4 by the 
slow diffusion of hexanes into a CH2Cl2 solution (Figure 5.9).  X-ray crystallographic analysis 
confirmed the presence of a bridging diazanyl ligand, which is strongly bent, co-planar with the 
Fe-Fe bond, and oriented away from the dppv coligand (N1-N1-C38 = 120.4°).  As expected, the 
dppv ligand is coordinated to Fe in a dibasal mode.  The Fe-Fe bond is 2.97 Å, as seen in other 
diferrous dithiolates with non-hydride bridging substituents.4  The solution-state characterization 
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of [2(-N2C6H4Cl)]BF4 is consistent with the solid-state structure; the 31P NMR spectrum 
indicates a Cs-symmetric complex with a dibasal dppv ligand (Figure 5.10). 
 
 
 
Figure 5.9.  Structure of [14(-N2C6H4Cl)]PF6 with thermal ellipsoids set at 35%.  Hydrogen atoms, diphosphine 
phenyl atoms, and counter anion have been omitted for clarity.  Key bond distances (Å):  Fe1-Fe2, 2.9653(6); Fe1-
N1, 1.941(2); Fe2-N1, 1.973(3); Fe1-P1, 2.2256(9); Fe1-P2, 2.2271(9); Fe1-C39, 1.789(3); Fe1-S1, 2.3280(8); Fe1-
S2, 2.3244(9); Fe2-S2, 2.3321(8); Fe2-S1, 2.3176(9); Fe2-C1, 1.827(4); Fe2-C3, 1.824(3); Fe2-C2, 1.823(4); N1-N2, 
1.235(3); C35-Cl42, 1.744(3). 
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Figure 5.10.  IR spectrum (CH2Cl2, left) and 31P{1H} NMR spectrum (CD2Cl2, right) of [14(t-N2C6H4Cl)]+. 
 
 
A Terminal Chloride Complex: SbCl6-Activation. 
An alternative route for the installment of X-type ligands was discovered in an attempted 
oxidation of Fe2[(SCH2)2O](CO)4(dppv) with two equiv of the powerful oxidant 
[N(C6H5Br)3]SbCl6 (‘Magic Blue’).  This method afforded a unique complex with a terminal 
chloride ligand, [Fe2[(SCH2)2O](t-Cl)(-CO)(CO)3(dppv)]SbCl6 ([15(t-Cl)]SbCl6).  We propose 
that this species arises via the dication [15]2+, which abstracts chloride from the SbCl6 (Eq 2).  
The chloride complex [15(t-Cl)]+ displays an IR band with at 1935 cm-1 assigned to -CO (Figure 
5.11).  The unusually high frequency of the terminal carbonyl bands are consistent with a ferrous 
Fe(CO)3 subunit.  In other words, the chloride ligand is bound to Fes(dppv)(CO) center.  The 31P 
NMR spectrum indicated a symmetrical species, which is consistent with a dibasal dppv ligand.  
SbCl6− binding and chloride abstraction is proposed to occur at a vacant site in the Fe(dppv)(-
CO) subunit (Eq 2). 
15    +    2([ox]SbCl6)      [15](SbCl6)2  + 2 ox 
[15](SbCl6)2    [15(t-Cl)]SbCl6   +  SbCl5 
Eq 5.6 
 The terminal chloride complex [15(t-Cl)]+ is remarkably stable; it does not isomerize to 
the corresponding bridging chloride complex.  After several days at 20 °C, the 31P NMR 
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resonance of this complex weakened and eventually dissipated.  The products of this degradation 
pathway were not pursued further. 
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Figure 5.11.  IR spectrum (CH2Cl2, left) and 31P{1H} NMR spectrum (CD2Cl2, right) of [15(t-Cl)]SbCl6. 
 
Conclusions 
 The results of this Chapter indicate that electrophilic attack on 32e− phosphine-appended 
diiron dithiolates often occurs initially via a terminal site.  For the chelate complex 14, this 
appears to be the case for protonation as well.  For the bis(phosphine) complex 13, although 
terminal attack is observed for the electrophiles discussed here, it has not yet been observed for 
protonations.  These terminal electrophile adducts rearrange thermally in similar pattern.  The 
initial adduct features an apical strong donor ligand (e.g. a phosphine) on the Fe at which 
electrophilic attack did not occur (Eq 3, 4, and 5).  Upon warming, this FeII(CO)3-n(-CO)(PR3)n 
fragment then rearranges such that a carbonyl occupies the apical site (PR3 = dppv, PMe3).  
Further heating results in isomerization of the FeII(CO)2-n(-CO)(X)(PR3)n fragment such that the 
electrophile occupies the bridging position and the apical site is instead occupied by a carbonyl 
or phosphine (X = SMe+, N2C6H5). 
Of further interest is the stability of these terminal X-type ligand complexes.  The strong 
-donor hydride tends to give very unstable terminal complexes that rapidly isomerizes to the 
bridging hydride isomers.  The -acceptor N2R+ gives similarly unstable terminal complexes.  
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However, -donor ligands such as thiolates and chloride show dramatic stability in the terminal 
position.  This can be rationalized given that the terminal X-type ligand is invariably trans to a 
carbonyl ligand, which is a strong -acceptor.  Strong -orbital overlap stabilizes this 
intermediate and increases its half-life.  Thus, the terminal thiolate complexes are stable for 
several minutes at room temperature, and the terminal chloride complex is stable for days 
(eventually decomposing to unknown products).  In the case of chloride, this stability may be 
partially attributed to the regiochemistry of X-type ligand adduct.  The chloride complex was not 
synthesized by electrophilic attack on a 34e− precursor, but rather nucleophilic attack on a 32e− 
precursor.  As a result, the chloride binds to a Fe(CO)(dppv) fragment, whereas electrophilic 
attack typically occurs on the Fe(CO)3 or Fe(CO)2(PMe3) fragment.  The steric bulk of the 
tetraphenyl diphosphine ligand dppv may decrease the rate of isomerization of the terminal 
chloride complex. 
 
Experimental 
 
[Me3S2]BArF4.  A mixture of 0.650 g of [Me3S2]BF4 (2.9 mmol) and 1.911 g of KBArF4 (2.7 
mmol) was pre-cooled to -30 °C and then slurried in 20 mL of CH2Cl2.  The reaction mixture 
was warmed to 0 °C and then vigorously stirred for 60 min.  The resulting cloudy solution was 
filtered to remove KBF4, and the supernatant was dried in vacuo.  Yield: 2.019 g (78.0% based 
on KBArF4).  1H NMR (CD2Cl2):  7.72 (m, 8H, BArF4−), 7.57 (bs, 4H, BArF4−), 3.21 (s, 6H, 
[(Me2S)SMe]+), 2.89 (s, 3H, [(Me2S)SMe]+).  Several minor byproducts were identified in the 1H 
NMR spectrum of the product.  [Me3S]+ is a common contaminant in [Me3S2]+ that is not easily 
removed and was observed as a singlet at 2.94 ppm.12  Other minor impurities: 3.10 (s), 3.03 (s), 
2.51 (s).  Anal. Calcd for C53H21BF24S2 (found): C, 43.23 (41.42); H, 2.18 (2.28); N, 0 (0.3). 
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Figure 5.12.  1H NMR spectrum of [N2C6H5]BArF24 in CD2Cl2. 
 
[N2C6H5]BArF4.  A mixture of 0.380 g of [N2C6H5]BF4 (2.5 mmol) and 1.799 g of KBArF4 (2.5 
mmol) was pre-cooled to -30 °C and then treated with 20 mL of CH2Cl2.  This mixture was 
allowed to warm to 0 °C and then vigorously stirred for 60 min.  The resulting cloudy yellow 
solution was filtered to remove KBF4, and the supernatant was concentrated to ~5 mL CH2Cl2.  
An off-white precipitate formed upon addition of 30 mL of hexane and was filtered.  Yield: 
1.935 g (80.0% based on KBArF4).  1H NMR (CD2Cl2):  8.31 (t, 1H, p-H from [N2C6H5]+), 8.35 
(d, 2H, o-H from [N2C6H5]+), 8.02 (dd, 2H, m-H from [N2C6H5]+), 7.72  (m, 8H, BArF4−), 7.57 
(bs, 4H, BArF4−), 3.21 (s, 6H, [(Me2S)SMe]+), 2.89 (s, 3H, [(Me2S)SMe]+).  Anal. Calcd for 
C38H17BF24N2 (found): C, 47.13 (47.69); H, 1.77 (1.75); N, 2.89 (2.83). 
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Figure 5.13.  1H NMR spectrum of [N2C6H5]BArF4 (CD2Cl2 solution). 
 
Observation and Crystallization of [Fe2(S2C3H6)(t-SMe)(CO)4(PMe3)2]BArF4.  A solution of 
0.050 g of Fe2(S2C3H6)(CO)4(PMe3)2 (0.10 mmol) in 10 mL of CH2Cl2 was cooled to −78 °C in a 
Schlenk tube with an inner diameter of 1.5 cm.  To this mixture was added a solution of 0.110 g 
of [Me3S2]BArF4 (0.11 mmol) in 5 mL of CH2Cl2.  The resulting dark green solution was layered 
with 60 mL of hexane and stored at -30 °C in the dark.  After ~4 weeks, dark green blocks had 
formed.  31P NMR (CD2Cl2):  21.5 (s, PMe3), 16.7 (s, PMe3).  IR (CH2Cl2):  CO = 2051, 2031, 
2006.  -CO = 1895. 
Isomerization of [Fe2(S2C3H6)(t-SMe)(CO)4(PMe3)2]BArF4 to 
[Fe2(S2C3H6)(-SMe)(CO)4(PMe3)2]BArF4.  Preliminary tests showed that solutions of [13(t-
SMe)]+ was found to quantitatively isomerize to [13(-SMe)]+ over the course of ~60 min at 
room temperature.  The isomerization was signaled by a color change from intense green to red.  
The IR and 31P NMR spectra matched those previously reported.4  We analyzed the rate of 
isomerization as follows:  A ReactIR 4000 (Mettler-Toledo) probe tip was inserted into a 
Schlenk flask containing a solution 0.058 g of Fe2(S2C3H6)(CO)4(PMe3)2 (0.12 mmol) in 2 mL of 
CH2Cl2.  A thermocouple inserted directly into the solution indicated the temperature to be 23 °C.  
The contents of the flask was rapidly stirred, spectrum acquisition was initiated (Resolution: 4. 
Acquisition Intervals: 30 s), and a solution of 0.125 g of [Me3S2]BArF4 (0.13 mmol) in 0.5 mL of 
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CH2Cl2 was quickly injected.  The thermocouple indicated only a small change in temperature 
(0.2 °C), and the reaction was monitored until the isomerization was complete.  After completion, 
the reaction profile was modified with the ‘baseline correct’ function, and analyzed with the 
ConCIRT application to identify the relative intensities of the component signals.  These data 
were then loaded into the program Origin where it was fitted to a first-order decay process (y = 
y0 + AeR0X).   
Observation of [Fe2(S2C3H6)(t-SMe)(CO)4(dppv)]BArF4.   
In situ IR spectrum monitoring:  A solution of 0.052 g of Fe2(S2C3H6)(CO)4(dppv) (0.072 mmol) 
in 5 mL of CH2Cl2 was cooled to -70 °C.  A solution of 0.105 g of [Me3S2]BArF4  (0.093 mmol) 
in 1 mL of CH2Cl2 was added dropwise.  The solution was allowed to warm to 20 °C and 
aliquots were withdrawn for IR spectra.  Over the course of 1 hr, three major species were 
observed by IR spectroscopy, with the first converting to the second and then to the third.  IR 
(CH2Cl2):  [14(t-SMe)]+-B:  CO = 2070, 2025.  -CO = 1961.  [14(t-SMe)]+-C:  CO = 2078, 
2015.  -CO = 1931.  [14(t-SMe)]+-D:  CO = 2092, 2051.  -CO = 1969.   
In situ 31P NMR spectrum monitoring:  A J. Young NMR tube was charged with 0.010 mmol of 
Fe2(S2C3H6)(CO)4(dppv) and 0.010 mmol of [Me3S2]BArF4.  Onto this mixture was distilled ~1 
mL of CD2Cl2, and the mixture was immediately frozen with liquid nitrogen.  The contents of the 
tube was carefully thawed in a CO2/acetone bath, and rapidly rotated back and forth to allow for 
mixing.  The tube which contained an intensely purple mixture was then inserted into the pre-
cooled spectrometer.  31P{1H} NMR (-70 °C, CD2Cl2):  62.2 (dd, JP-P = 186, 11, dppv, [14(t-
SMe)]+-A).  31P{1H} NMR (-10 °C, CD2Cl2):  75.5 (s, dppv, [14(t-SMe)]+-B), 67.4 (s, dppv, 
[14(t-SMe)]+-B).  Further warming resulted in spectra that contained complex mixtures of 
products and very broad resonances that were not further pursued. 
[Fe2(S2C3H6)(-N2C6H5)(CO)4(dppv)]BF4.  A mixture of 0.509 g of Fe2(S2C3H6)(CO)4(dppv) 
(0.70 mmol) and 0.150 g of [N2C6H5]BF4 (0.78 mmol) was cooled to 0 °C and dissolved in 10 
mL of CH2Cl2.  The resulting dark red reaction mixture was stirred for 45 minutes or until the IR 
spectrum indicated the complete consumption of starting materials.  The product was 
                                                 
 We found briefly removing the tube from the bath and shaking it resulted in undesirable 
increases in temperature, which in turn could lead to premature isomerizations.  This is 
presumably due to the contents of the tube coming in contact with uncooled portions of tube. 
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precipitated as a deep red powder upon addition of 30 mL of hexane.  Yield: 0.695 g (0.99%).  
31P{1H} NMR (CD2Cl2):  81.4 (s, dppv).  IR (CH2Cl2): 2088, 2039, 1972. 
[Fe2(S2C3H6)(-N2C6H4Cl)(CO)4(dppv)]PF6.  A mixture of 0.509 g of Fe2(S2C3H6)(CO)4(dppv) 
(0.70 mmol) and 0.150 g of [N2C6H5]PF6(0.78 mmol) was cooled to 0 °C and dissolved in 10 mL 
of CH2Cl2.  The resulting dark red reaction mixture, was stirred for 45 min or until the IR 
spectrum indicated the complete consumption of starting materials.  The product precipitated as a 
deep red powder upon addition of 30 mL of hexane which was filtered.  Yield: 0.695 g (0.99%).  
31P{1H} NMR (CD2Cl2):  103.7 (sep, JP-F = 733), 81.9 (s, dppv).  IR (CH2Cl2, cm-1):2090, 2040, 
1975. 
Observation of [Fe2(S2C3H6)(t-N2C6H5)(CO)4(PMe3)2]BArF4.   
In situ IR spectroscopy.  A Schlenk flask containing 0.050 g diiron starting materials  and the 
contents were dissolved in 1 mL of CH2Cl2 and cooled to the -71 °C.  A ReactIR 4000 (Mettler-
Toledo) probe tip was then inserted into the reaction mixture and spectra acquisition was started.  
A solution of one equivalent of the BArF4− salt of the electrophile in ~0.2 mL CH2Cl2 was then 
added dropwise, allowing the mixture to flow down the cooled side of the reaction flask prior to 
mixing with the solution.  After the solution of the electrophile had been added, the resulting 
solution was blue-green.  The IR spectrum indicated that the solution was composed mostly of a 
single isomer ([13(t-N2C6H5)]+-A) which isomerized to a second isomer ([13(t-N2C6H5)]+-B) 
when the solution was warmed to ~-45 °C .  [13(t-N2C6H5)]+-B then converted to a third ([13(-
N2C6H5)]+) upon warming to 20 °C.  IR (CH2Cl2, cm-1):  [13(t-N2C6H5)]+-A:  CO = 2015, 2031, 
2001.  -CO = 1851.  NN = 1722.  [13(t-N2C6H5)]+-B:  CO = 2055, 2010, 1985.  -CO = 1890.  
NN = 1723.  [13(-N2C6H5)]+:  CO = 2029, 2015, 1987. 
In situ 31P NMR spectroscopy.  A J. Young valve NMR tube was loaded with 0.010 mmol 
Fe2(S2C3H6)(CO)4(PMe3)2 and 0.010 mmol [Me3S2]BArF4.  Onto this mixture was distilled ~1 
mL of CD2Cl2 which was immediately frozen.  The contents of the tube was carefully thawed in 
a CO2/acetone bath, and rapidly rotated back and forth to allow for mixing.  The tube was then 
inserted into the pre-cooled spectrometer.  31P{1H} NMR (-70 °C, CD2Cl2):  27.9 (s, PMe3, 
[13(t-N2C6H5)]+-A), 18.2 (s, PMe3, [13(t-N2C6H5)]+-A).  31P{1H} NMR (-10 °C, CD2Cl2):  40.6 
                                                 
 We found briefly removing the tube from the bath and shaking it resulted in undesirable 
increases in temperature, which in turn could lead to premature isomerizations.  This is 
presumably due to the contents of the tube coming in contact with uncooled portions of tube. 
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(s, PMe3, [13(t-N2C6H5)]+-B), 13.4 (s, PMe3, [13(t-N2C6H5)]+-B). 31P{1H} NMR (20 °C, warmed 
to ambient temperature overnight, CD2Cl2):  22.1 (dd, JP-P = 102, 8, PMe3, [13(-N2C6H5)]+-A), 
13.9 (s, PMe3, [13(-N2C6H5)]+-B). 
Observation of [Fe2(S2C3H6)(t-N2C6H5)(CO)4(dppv)]BArF4.   
In site IR spectroscopy:  A Schlenk flask containing 0.050 g diiron starting materials was 
dissolved in 1 mL of CH2Cl2 and cooled to the appropriate temperature.  A ReactIR 4000 
(Mettler-Toledo) probe tip was then inserted into the reaction mixture and spectra acquisition 
was started.  One equivalent of the BArF4− salt of the electrophile in ~0.2 mL CH2Cl2 was then 
added dropwise, allowing the mixture to drip down the side of the flask prior to mixing with the 
solution.  The initial blue-green mixture was composed mostly of a single isomer which 
isomerized to a second upon brief warming.  This isomer than converted to a third upon warming 
to RT.  IR (CH2Cl2):  [14(t-N2C6H5)]+-A:  CO = 2069, 2030.  -CO = 1960.  [14(t-N2C6H5)]+-B:  
CO = 2078, 2019.  -CO = 1930.  [14(-N2C6H5)]+:  CO = 2096, 2012, 2030, 2008, 1978.  *Due 
to a large S/N ratio on the ReactIR, we could not detect bands in the region below ~1800 cm-1. 
In situ 31P NMR spectroscopy.  A J. Young valve NMR tube was loaded with 0.010 mmol 
Fe2(S2C3H6)(CO)4(dppv) and 0.010 mmol [N2C6H5]BArF4.  Onto this mixture was distilled ~1 
mL of CD2Cl2 which was immediately frozen.  The contents of the tube was carefully thawed in 
a CO2/acetone bath, and rapidly rotated back and forth to allow for mixing.  The tube was then 
inserted into the pre-cooled spectrometer.  31P{1H} NMR (-70 °C, CD2Cl2):  87.0 (s, dppv, 
[14(t-N2C6H5)]+-A), 77.4 (s, dppv, [14(t-N2C6H5)]+-A).  31P{1H} NMR (-60 °C, CD2Cl2):  66.5 
(s, PMe3, [14(t-N2C6H5)]+-B).  31P{1H} NMR (20 °C, CD2Cl2, [14(-N2C6H5)]+):  81.7 (s, 
dppv). 
 [Fe2[(SCH2)2O](t-Cl)(-CO)(CO)3(dppv)]SbCl6.  A solution of 0.305 g of 
Fe2[(SCH2)2O](CO)4(dppv) (0.42 mmol) in 10 mL of CH2Cl2 was cooled in a CO2/acetone bath, 
and to it was added a solution of [N(C6H5Br)3]SbCl6 in 45 mL of CH2Cl2.  The dark reaction 
mixture was allowed to warm to temperature at which point it became purple in color.  The 
solution was concentrated to ~15 mL volume, and then precipitated upon the addition of 50 mL 
                                                 
 We found briefly removing the tube from the bath and shaking it resulted in undesirable 
increases in temperature, which in turn could lead to premature isomerizations.  This is 
presumably due to the contents of the tube coming in contact with uncooled portions of tube. 
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of hexane.  Purple needles were grown by the slow diffusion of hexane into CH2Cl2 or THF 
solution.  31P{1H} NMR (CD2Cl2):  67.0 (s, dppv).  1H NMR (CD2Cl2):  8.49 (d, J = 52.4),  
IR (CH2Cl2, cm-1): CO = 2107, 2060.  -CO = 1935.  ESI-MS (m/z):  838.9 
([Fe2{(SCH2)2O}(Cl)(CO)4(dppv)]+). 
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